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ABSTRACT In this work, the pitting corrosion behavior of Cu in the mixed solution of HCO−

3 ,
Cl− and SO2−

4 simulating groundwater was investigated by means of cyclic polarization test and SEM
microscopy. The results showed that both SO2−

4 and Cl− can synergistically promote the anodic disso-
lution of Cu electrode. Cl− can decrease the corrosion potential of Cu to enhance its electrochemical
activity. The plot of pitting sensitivity of Cu showed that the pitting critical concentration of Cl− was
0.02 mol/L. When the concentration of Cl− was low, SO2−

4 did not affect the pitting susceptibility;
when the concentration of Cl− was in the middle, SO2−

4 strongly inhibited the pitting corrosion of Cu;
when the concentration of Cl− was high, the pitting susceptibility will first increase and then reduce
with increasing the concentration of SO2−

4 . Regardless of what concentration of SO2−
4 , Cl− can pro-

mote the pitting corrosion of Cu. In the current solution system, it is found that the pitting corrosion
of Cu was sorely sensitive to SO2−

4 and Cl−.
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�\�B�� e 49 �MB~#�a Cu \PE�m:�9, ���P$�����d&B"#�\GA#E�^. SP, �((+~#?y Cu $��YW�� R�+~9I/\�D, fD,�k!wde Cu�d&B"\b�oAs<P!w��\, �=W�w�w\d&B"R�&���\L�. �d&B"/XVx=}, Ed�0�+N%\ O2 �WJ�sVx#E\s�+, 6 JJb�o��, �I1x�d&)+\Sy:�&\Syz.:O�, ÆA, d&B"R�$��� O2 \Sy:R�. os Cu 6P�
Cu(I) g Cu(II) \yFk�#�s��yFk�, fD,�p O2 \Sy$k�8��D. p`, w Cu �D\L�2We+sB"=}\p O2 }s, ��D�K2Wvd�d	&+p8\g;;-9?8Bp*. Cu \iD�-~9�k1^�qU�3�\:pd,+ [2], �DR�y�8p HCO−

3 , SO
2−
4 ? Cl− \p O2 dPER�.

HCO−

3 , SO
2−
4 ? Cl− 3 -;;w Cu \iD8��W�~\En, *sqYEn\�w5KY0e
F [3−7].p\L���, SO2−

4 ? Cl− E��D:;;G� Cu~9iD [8−12], HCO−

3 GI Cu �\xP�b$iD~9 [13]. f�/Æ54��:L�. �kÆ,d�_�F��3�8����d&B"\^�2WGA,�, L� [14] �a, Æ,d�\d�dY2W8pÆ 3-g;;,f�w Cu �8pÆ 3 -g;;\dR�+~9iD\8�SXp��d&�6L�. fD, lÆ,d�dPER�, ��dL� Cu \�D�?E?o?Er�>	�W [15−18]. �.tA�}L� [19,20] ~#, ��R^\
Cl−/HCO−

3 ? SO2−
4 /HCO−

3 w�+, Cl− ^ SO2−
4 #kG� Cu ~9iD; z HCO−

3 w Cu iD\EnJ�^�rtd� (0.08 mol/L), �Æ�rt�, Cu \iDÆ6B�I/. ���$ [14] \X, �wÆ,GA,�\4)R�+d�d8p HCO−

3 , SO
2−
4 ? Cl− 3 -;;\NF, �!E` Cu ~9BI/iD\ 0.08 mol/L

NaHCO3 �`�"℄, ��l��+\ Cl− ? SO2−
4 rt, �w Cu �);;ZDw�+\iD�8��\L�.?�);;ZDw�+, Cu ~9iD\I�zw, `g

Cl− ? SO2−
4 w Cu iD8�\k).

1 t�YWFP"℄\;;8B$� 1 pL, "℄#`	�CUk?�;;dv$.L�kd#E�Ct 99.9% \![C Cu. ��4 10 mm×10 mm×6 mm \38UV, !E\b�
100 mm2, �t�\nRUa�Z�. !` 800—1200;dd+�1iLd, �n 0.5 µm t.kt., BInd?�|��\, Qn. �<p_v$9\k�&"℄\21k�9+, ` Pt xE��5kd, 
?�$kd
(SCE) �&�kd, w Cu !Ekd�8GRdP(U.GRdP\k�*℄jQ� 5 mV/s[21]; *℄k����E&Nk�`� 100 mV ,.�*W 1200 mV I, �V*W&Nk�. %n FEI #f9+\ INSPECTF *℄k;"�� (SEM) +*�DI\�\�+5W. �+pnk�#�'ws SCE \k�, FP�t�R�, 25 �.

2 t�h℄�vl
2.1 HCO−

3 qU| 0.08 mol/L, SO2−
4 /Cl− x�� Cu Q�df�|

2.1.1 SO2−
4 "�� Cu ��,���+&�-(� 1a pL�� HCO−

3 rt� 0.08 mol/L, Cl− rt� 0.02 mol/L "℄+, SO2−
4 rt	�� 0.005, 0.10? 0.30 mol/L A, Cu kd�\\GRdP�&. -`'>, Ukdk��*A, 3 z�&\�Dk�#Bs~

–80 mV. �mI*℄k�.;\66+, TdkLZtmkdk�;�zHj�M, 3 z�&.kLZt� 0 mVCq�6^� S 36�. Uk�*℄W +200 mV CqL 1 �}GQ, SO2−

4
� Cl− ℄su (HCO−

3
su� 0.08 mol/L)

Table 1 Concentrations of SO2−

4
and Cl− in the experiment with HCO−

3
concentration 0.08 mol/L

(mol/L)

Cl− 0.005 0.01 0.02 0.04 0.06 0.10 0.14 0.18 0.40 0.60

SO2−

4
0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.005

0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01

0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02

0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06 0.06

0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10

0.14 0.14 0.14 0.14 0.14 0.14 0.14 0.14 0.14 0.14

0.18 0.18 0.18 0.18 0.18 0.18 0.18 0.18 0.18 0.18

0.30 0.30 0.30 0.30 0.30 0.30 0.30 0.30 0.30 0.30

0.40 0.40 0.40 0.40 0.40 0.40 0.40 0.40 0.40 0.40
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4
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4
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Fig.1 Effects of SO2−

4
concentration on the cycle polarization curves of copper with Cl− concentrations 0.02 mol/L

(a), 0.04 mol/L (b), 0.10 mol/L (c) and 0.60 mol/L (d)A, 3 z�&\kLZtmk�;�z�M\jtr�sTU. V*\=�Dk�#�s +10 mV Cq. ��R�+ppGRdP�&\Td"	q�#�\:"�r�,hkLZtmk�;�z"3�M. 
m9 SO2−
4 rt\;�, GRdP�&\TdkLZt1x�M. SO2−

4 rt� 0.005 ? 0.10 mol/L A, GRdP�&\V*kLZtv�*kLZtjJ'`; SO2−
4 rt� 0.30 mol/LA, GRdP�&\V*kLZt/s�*kLZt. ea��R�+, Cu kd\TddP66Xp~9iD.� 1b pL�� HCO−

3 rt� 0.08 mol/L, Cl− rt� 0.04 mol/L "℄+, SO2−
4 rt	�� 0.005, 0.10? 0.30 mol/L A, Cu kd�\\GRdP�&. -`'>, Ukdk��*A, 3 z�&\�Dk�#Bs~

–100 mV. �mI*℄k�.;\66+, TdkLZtmkdk�;�zHj�M, � +50 mV CqkLZt�6^� S 36�, zIkLZtm�Hj�M. Uk�*℄W +200 mV CqA, 3 z�&\kLZtmk�;�z�q\jtr�sTU. SO2−
4 rt� 0.005 ?

0.10 mol/L A�&\kLZt� +650 mV Cq&Ju/, mIm��M. 3 z�&\V*=�Dk�	��s
–40, –5 ? +20 mV. ppGRdP�&\Td"	q�#�\:"�r�, 
m9 SO2−

4 rt\;�, GRdP

�&\TdkLZt1x�M. GRdP�&Td"	\V*kLZtMs�*kLZt, >#(IR. ea��R�+, Cu kd\TddP66~9DiD.� 1c pL�� HCO−

3 rt� 0.08 mol/L, Cl−rt� 0.10 mol/L "℄+, SO2−
4 rt	�� 0.005,

0.10 ? 0.30 mol/L A, Cu kd�\\GRdP�&.-`'>, Ukdk��*A, 3 z�&\�Dk�	��s~ –220, –180 ? –120 mV. �mI*℄k�.;\66+, SO2−
4 rt� 0.005 ? 0.10 mol/L 2 z�&\kLZt!Hj�M, I	�� +10 ? +100 mVCq>#^� S 36�, �6kLZt�^!.;�I,r	�� +500 ? +600 mV Cq>#^� S 36�.

SO2−
4 rt� 0.30 mol/L�&\kLZt!Hj�M, �

+100 mV Cq�Mjt�T. 3 z�&V*\=�Dk�	��s+15, 0? –30 mVCq.ppGRdP�&\Td"	q�#�\:"�r�, 
m9 SO2−
4 rt\;�,GRdP�&\TdkLZt1x�M. Cukd\GRdP�&Td"	\V*kLZtMs�*kLZt,>#(IR. ea��R�+, Cu kd\TdGRdP66~9DiD.� 1d pL�� HCO−

3 rt� 0.08 mol/L, Cl− rt� 0.60 mol/L "℄+, SO2−
4 rt	�� 0.005, 0.10
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�\�B�� e 49 �? 0.30 mol/L A, Cu kd�\\GRdP�&. -`'>, Ukdk��*A, 3 z�&\�Dk�#�s~
–200 mV. �mI*℄k�.;\66+, 3 z�&\kLZt!Hj�M, � 0 mV Cq 3 z�&\kLZt#>#^� S 36�, �I SO2−

4 rt� 0.005 ?
0.10 mol/L �&\kLZtm��M. z SO2−

4 rt� 0.30 mol/L �&\kLZt� +200 mV Cqr>#^� S 36�Im��M. k�V*66+, SO2−
4 rt� 0.005 ? 0.10 mol/L �&����, z SO2−
4 rt� 0.30 mol/L �&��yN. 3 z�&\V*=�Dk�	��s –100, –80 ? –20 mV Cq. ppGRdP�&\Td"	q�#�\:"�r�, 
m9 SO2−

4rt\;�, GRdP�&\TdkLZtp/�t�M.

Cu kd\GRdP�&Td"	\V*kLZtMs�*kLZt, >#(IR. ea��R�+, Cu \TddP66~9DiD.

2.1.2 Cl− "�� Cu ��,���+&�-(E� 2a -`'>, SO2−
4 rt� 0.005 mol/L A, Cl−rt	�� 0.02, 0.04, 0.10 ? 0.60 mol/L A, 4 zGRdP�&\�*=�Dk�	��s –80, –90, –220? –200 mV, V*=�Dk�	��s 10, –40, 15 ?

–100 mV, |�p�z\�O. U Cl− rt� 0.04,

0.10 ? 0.60 mol/L A, m9 Cl− rt\;�, 3 z�&\TdkLZt1x�M.E� 2b -`'>, SO2−
4 rt� 0.10 mol/L A,

Cl− rt	�� 0.02, 0.04, 0.10 ? 0.60 mol/L A, 4zGRdP�&\�*=�Dk�	��s –70, –100,

–180 ? –200 mV, V*=�Dk�	��s 0, –5, 0 ?
–80 mV, |�p�z\�O. U Cl− rt� 0.04, 0.10? 0.60 mol/L A, m9 Cl− rt\;�, 3 z�&\TdkLZt1x�M.E� 2c -`'>, SO2−

4 rt� 0.30 mol/L A,

Cl− rt� 0.02, 0.04, 0.10 ? 0.60 mol/L \ 4zGRdP�&\�*=�Dk�	��s –90, –100,

–120 ? –210 mV, V*=�Dk�	��s +20, +20,

–30 ? –20 mV, |�p�z\�O. Cl− rt�
0.04 mol/L A�&(IR4t�/, 
kLZtv Cl−rt� 0.10 mol/L A�&\V*kLZtM/'U. |\kLZt|/s Cl− rt� 0.60 mol/L �&\Td�&kLZt.>.p`, � Cl− rt� 0.02, 0.04, 0.10 ?
0.60 mol/L A, m9 SO2−

4 rt\;�, GRdP�&\Td"�kLZtp�M\�O. ea��w�+, SO2−
4k'G� Cu kd�\\Td"�. U Cl− rt/s^`s 0.02 mol/LA, Cu kd�\�iD#-; U Cl− rtMs 0.02 mol/L A, Cu kd�\>#iD#-. � 3
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Fig.2 Effects of Cl− concentration on the cycle polar-

ization curves of copper with SO2−

4
concentrations

0.005 mol/L (a), 0.10 mol/L (b) and 0.30 mol/L (c)- SO2−
4 rt\R�+, m9 Cl− rt\;�, GRdP�&\�*?V*=�Dk�#pa"�z\�O. ~A, m9 Cl− rt\;�, GRdP�&�k��\TdkLYpa"�M\�O. Æea, ��w�+ Cl− k'zb Cu kd\�Dk�, ���kPE\:. ~A Cl−Yks� Cu kd\�DjQ, G��Td"�.

2.2 �dfb Cu TfQMoSs�n� 3 � HCO−

3 rt� 0.08 mol/L, SO2−
4 /Cl− w�+, �~rt SO2−

4 ? Cl− GRdP(UI, Cu !Ekd�\�?�D+��I\�D5W\ SEM +.
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z 3 FQO'TH Cu j�[4V
Fig.3 Microstructures of copper after cyclic polarization in 0.08 mol/L HCO−

3
, SO2−

4
/HCO−

3
solution with

0.02 mol/L Cl−+0.005 mol/L SO2−

4
(a), 0.02 mol/L Cl−+0.10 mol/L SO2−

4
(b), 0.02 mol/L Cl−+

0.30 mol/L SO2−

4
(c), 0.04 mol/L Cl−+0.005 mol/L SO2−

4
(d), 0.04 mol/L Cl−+0.10 mol/L SO2−

4

(e), 0.04 mol/L Cl−+0.30 mol/L SO2−

4
(f), 0.10 mol/L Cl−+0.005 mol/L SO2−

4
(g), 0.10 mol/L Cl−+

0.10 mol/L SO2−

4
(h), 0.10 mol/L Cl−+0.30 mol/L SO2−

4
(i), 0.60 mol/L Cl−+0.005 mol/L SO2−

4
(j),

0.60 mol/L Cl−+0.10 mol/L SO2−

4
(k) and 0.60 mol/L Cl−+0.30 mol/L SO2−

4
(l)U Cl− rt� 0.02 mol/L A, � SO2−

4 rt� 0.005, 0.10 ? 0.30 mol/L A, Cu kd�\#Æ+*Wa"iD/, $� 3a—c pL. Cl− rt�
0.01 mol/L A, Cu kd�\d�iD/>#. ea��w�+, U Cl− rtbs^`s 0.02 mol/L A, �S
SO2−

4 rtPM^/, Cu \iD_�:db, #-SE�
~9iD. ÆvGRdP�&\�5'.U Cl− rt� 0.04 mol/L A, � SO2−

4 rt�
0.005 mol/L \R�+, Cu kd�\iD/	 Zt�M, D/58�z�8
4t��, z���� 10—

50 µm �s	 , $� 3d pL. U SO2−
4 rt� 0.10? 0.30 mol/L A, Cu kd�\�D5W'g. iD/5
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4t��, "	iD/�sA�4x, iD/	 Zt�M, $� 3e ? f pL. � 3d ? f +iDn-6t'g.U Cl− rt� 0.10 mol/L A, � SO2−
4 rt�

0.005 mol/L \R�+, Cu kd�\iD/5z5/8, iD/i":T�D+�. D/4t�4
���M, BM\iD/��-K 150 µm, �\b� 600 µm×

600 µm \SX+	 p 9 �iD/, $� 3g pL. U
SO2−

4 rt� 0.10 mol/L A, �?�D+�I\ Cu kd�\��yN, iD/5z5, /ip�D+�, BM\iD/��� 50—60 µm, �\b� 600 µm×600 µm\SX+	 p 5 �iD/, $� 3h pL. U SO2−
4 rt� 0.30 mol/L A, �?�D+�I\ Cu kd�\��yN, iD/5z5, /ip�D+�, BM\iD/��� 40 µm, �\b� 600 µm×600 µm \SX+	 p 2 �iD/, $� 3i pL. -v, U Cl− rt�

0.10 mol/L A, m9 SO2−
4 rt\;�, iD/��u/, Ztu/, iD_�:zb.U Cl− rt� 0.60 mol/L A, � SO2−

4 rt� 0.005 mol/L \R�+, �?�D+�I Cu kd��y�, iD/4tE�5�8, BMiD/��-K
160 µm. iD/	 �Ze, �\b� 600 µm×600 µm\SX+	 p 26 �iD/, $� 3j pL. U SO2−

4rt� 0.10 mol/L A, Cu kd�\iD/4tE4, 
5z8, z50t-K 500 µm. DA, D/w Cu kd�\\n-6tBM, $� 3k pL. U SO2−
4 rt�

0.30 mol/L A, Cu kd�\iD/E45z/8, BMiD/��� 40 µm. �\b� 600 µm×600 µm \SX+	 p 8 �iD/, $� 3l pL.>.p`, Cu kd�\�D5W-�
 Cl− rt\�~�8	9. U Cl− rt�bA (0.02 mol/L), Cukd�\�D5Wd�'g, #5#D/��/�4t�?R�\biD/bB0y\ri. DA, m9 SO2−
4 rt\;�, D/ri�a"�P; U Cl− Bs+`rtA

(0.10 mol/L), R�\biD/bB'w�0, D/4t�b Cl− rtAppq4. DA, m9 SO2−
4 rt\;�, D/bBa"u0, D/��?4tYpu/\�O;U Cl− rt��A (0.6 mol/L), m9 SO2−
4 rt\;�, Cu kd�\iD/\n-6t5!�MIu/\r�. ��A SO2−

4 rt+, m Cl− rt\;�, iD/\n-6tqp�M\�O.� 4 � HCO−

3 rt� 0.08 mol/L, SO2−
4 /Cl− �|w�+iD_��x�. -`'>, � Cl− rtbs^`s 0.02 mol/L A, �S SO2−
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