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ABSTRACT Mass loss and electrochemical methods were carried out to evaluate the inhibition
property and adsorption behavior of imidazole and 2–Phenyl–2–imidazoline for Cu in 5% H2SO4 solu-
tion. The results showed that the two compounds have obvious corrosion inhibition for Cu in H2SO4

solution, and the inhibition efficiency of 2–Phenyl–2–imidazoline was higher than that of imidazole.
Meanwhile, the adsorption property was estimated using the activation energy Ea of the corrosion
reaction, the standard adsorption Gibbs free energy change ∆Gm and enthalpy change ∆H m for the
imidazole and 2–phenyl–2–imidazoline, respectively. It revealed that the adsorption processes were
exothermic reactions on Cu by a monolayer chemisorption–based mechanism, and the adsorption of
the inhibitors followed the Langmuir adsorption isotherm. In addition, the differences of the monolayer
adsorption structures between the imidazole and 2–Phenyl–2–imidazoline molecules on the Cu surface
were investigated, and their inhibition mechanisms for Cu were analyzed.
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. HCl  H2SO4 v�z:R�8wT℄. KÆ, �R~�X��.hrzv�, � `3a
f�r*v. �3, ` Cu *vrzv�o�3ÆZCvthJ�3���3�t3�Dv [1−3]. D\ [4,5] "(N�k NaCl S�d
Æ��,\Æ�1– ����,\hÆ
 Cu rzvjZ, �Z/zvj|"(9 47.7%, 73.2%, 90.0%, %�
ÆGdz3ad
 Cu r*v `3^, Æ 1- ����,\hÆr `jZ�K^, i�>*�W. 5\Iv [6] O}Dv [7] 
?k�z3ad 3 gQ$���



�1018 4������ y 49 EÆZthJ (BIT, BIOHT, BIMMT) �Æ�(�jJ (POTAS, PDTAS) 
 Cu rzvjZ, �Z/zvj|H<_ 80%�a. iYZQ$���ÆthJrhH&#.C, 6C|*w. Ek–Lisac v [8] 
?k H2SO4 3ad
Æ
 Cu rzvz�, �Z/zvj|9 65%, i<d�3Rzv�℄r
?. 3R/�
Æ�jJ (2– �� –2– 
Æ�) G H2SO4 3ad
 Cu rzvz�r�ng.3�zv�r�a~'\96�%�rJ℄t�O2 `6�*vr�j. ��Æ�, O2�.?4�O2?.M?_�, zvjZ?^. �3, O2�.rgZ�"z, Q'\"(��*v\Kdr�t� Ea, O2\Kd Gibbs }1� ∆Gm O2� (M)∆H m �ZrhX8w"�. VD\ [9,10] v'\3R��T℄9��,"(om�,\hÆ����,\hÆ#ÆG Cu |%�arO2� ∆H m "(9 −48.296, −48.644 
−115 kJ/mol,F
Z6 40 kJ/mol9t�O2 [11],$Y,O9/O2H9t�O2. Æ Ebensov [12] 5\Iv [6] 9. Ea X8w"�, O9 Ea<80 kJ/mol H�6J℄O2, 6 80 kJ/mol H9t�O2. ZohiNzr~,D\ [6]'\��"(oP CuG 3gQ$���ÆZthJ (BIT, BIOHT, BIMMT)$Tdr*v\Kdr Ea "(9 52, 55.20 69.96 kJ/mol,$��r Ea ZHh6 80 kJ/mol, ��O9 BIT, BIOHT  BIMMTG Cu %�arO2�.H�6J℄O2. i~, 4D\w��kR 3 gthJG Cu %�arO2� ∆H m,/Z"(9 −37.94, −41.03  −52.25 kJ/mol. [�
∆H m �9"�#v, QW BIT 9J℄O2, Æ BIOHT9 BIMMT 9t�O2. Y1, D\ [13] 
?�Z, q�2��|�BG Al %�rO2~�J℄O29or~hO2, i4*v\Kd Ea Z79 27.18—41.97 kJ/mol;D\ [14] �O9, G H2SO4 *v3ad, p�hC�G:%�arO29t�O2, i4*v\Kd Ea 79
55.24—59.63 kJ/mol. $Y, � “�t� Ea<80 kJ/molH�6J℄O2, Æ Ea>80 kJ/molH9t�O2” �9"�#v��>.KÆ, 9.O2�1�}1� ∆Gm X"�O2"zs, /"�#v�℄G�YB#. aV Ek–Lisacv [8] O9, –∆Gm G 20—40 kJ/mol X�9J℄O2, –∆Gm 6 100 kJ/mol 9t�O2, '\��om
ÆG Cu |%�ar ∆Gm 9 −22.16 kJ/mol,O94\K9J℄O2. ÆD\ [15–19] O9 –∆Gmh6 20 kJ/mol 9J℄O2, −∆Gm 6 40 kJ/mol9t�O2, 36 2 QX�r9J℄t�~hO2.aV De Souza [15] '\��, omI $G Cu%�rO2 ∆Gm 9 –31.1 kJ/mol, O94\K�

℄J℄O2t�O2; Ahamad [16]  Dahmani [17]�9. ∆Gm 
O2w98wk"�, ��PG HCl 3ad����~l'�zv�GY: C38 :%�r
∆Gm "(9 −40 −42.31 kJ/mol,,O9��9t�O2.\a
"LQW, 9. Ea, ∆Gm, ∆H m 3 ?J℄:�dr��:�X
zv�rO2"z8w"�, �K~�g*3jr��, i3s�℄G�l&B�G℄. VZ�9.R 3 ?J℄:�"(X"���zv�G6�%�arO2w9, ,���hNz, %oPC��!ÆQOr.�. $Y, �F��
Æ 2– �� –2– 
Æ�9zv�, � H2SO4 9*v3a, 9.oi�|t���
?/
 Cu rzvz�, *s9. Ea, ∆Gm  ∆H m

Æ 2– �� –2– 
Æ�G Cu %�arO2"z8w"�, ,B�O2"z, 8�2� 
Æ 2– �� –2–
Æ�G Cu %�arO2.M�/zv�℄.

1 BQ'%x6n9y Cu, W�9 99.95%, oi�x Cu'L^9 11.0 mm×5.0 mm×0.2 mm, |t�=�.r
Cu|Y=9 1.5 mm. 
ÆW� ≥99.0%, 2–�� –2–
Æ�W� ≥98.0%, H2SO4 W� 98.0%, �.�H9C[{�.oi�=�3% Cu '��. 4 µm 6b_℄`ÆSi, "(;C[{��+(�H��V:R, Kk�B8Je.. �z*v3a9 5% H2SO4 �S�, x3'
15 min N2 �QCS�dr O2. G (25±1) �% Cu '�P6*v3ad9# 72 h, BPk�.*f%4Q*vCJ, ,Wk"(.C[{��+(H��V:R,GjBTS8Jd8J:R3 r�', ��/zvj| [6].9. CHI660B r|t�F�M8w|t�=�, F�|9 Cu |, (r|9 Pt |, �	9 1 cm×

2 cm, :�|9�9J|. x3 Cu |W.6b_℄`Æ, D"(;C[{��+(�H��V:R,Kk�B8Je.. x3
|/�' N2 QCS�dr
O2, |t�=�B�9 (25±1) �. =� Tafel �`s,|?^
%�9}*v|? Ecorr±150 mV, ^
��9
1 mV/s. |t��L=�r(v
`q_%Z9 5 mV,(|�69 0.05 Hz—100 kHz, F�|?9Jy|?.B� Tafel �`, 9.1/� [20] "(<o℄3/*��
Æ 2– �� –2– 
Æ�G*v3adr*v|v��, Kk��/zvj| [21].9.|t��L�hY# Zview 
 Nyquist -d��8w�h, omvj|ydrUz|�1�|U, Kk��/zvj| [22].
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2.1 1AP>
2.1.1 }
i % 1 9G 5% H2SO4 S�d"(�X/*��
Æ 2– �� –2– 
Æ�
 Cu 'rzvj|. 1%QW, �
Æ��rL�, zvj|WL�,,G 0.112 mol/L s, zvj|_m�Z 68.6%, R9

Ek-Lisacv [8] r=�.Z���_, �kzvj| h.KÆ, � 2– �� –2– 
Æ���rL�, /zvj|�YL, ij��_m 0.052 mol/L s, ��L�/��,zvj|L�/. \% 1 wQ�KP, j 2– �� –2–
Æ�r��E\ 0.026 mol/L, /zvj|H<6
Ærzvj|, 6/�.��Hw6 0.112 mol/L. $Y, 2–�� –2– 
Æ�
 Cu rzvjZ/6
Æ.

2.1.2 qn{�i - 1 9G 5% H2SO4 S�d, "(�X/*��
Æ 2– �� –2– 
Æ��=�rt�`, 9.1/���- 1 d�*v�`�
(r

}*v|?*v|v����zvj|, /.Z!% 2.1- 1 % 2 QW, 9S	S�b�, �X 2– �� –2– 
Æ�
Æ 2 gthJk, /7*v|?�j/*K�rV�, Æ6*v|v��� h. *s, G
Æ$Td, *v|v���/G*v3adr��L�Æ h, Æj��E\ 0.112 mol/L s, *v|v���Æb3L�; iG 2– �� –2 
Æ�$Td, *v|v���/G*v3adr��L�Æ�Y h, R9oi�=�r.Z�_. 1- 1 wQ�KP, GU?ÆS/\K, 9S	S�b�, �X
Æ 2– �� –2– 
Æ��
(r*v|v��H h, %�
Æ 2– �� –2– 
Æ�
Æ\K3�Yr `�.. iG%Ct\Kd, 
6
Æ$T, j|?w6 −0.14 V s, 
Æ
%CtH3�Y `�.; Æ
6 2– �� –2– 
Æ�$T, j
2– �� –2– 
Æ�r��6 0.039 mol/L s, /
U?%Ct\K�H3�Y `�.. $Y, 
Æ 2–� 1 pj�e0+����d 2– �� –2– ���� Cu H 5% H2SO4 T�es{wk}

Table 1 Inhibition efficiency η for Cu in 5% H2SO4 solution with addition of various concentrations

of imidazole and 2–Phenyl–2–imidazoline by mass loss method

Material Concentration, mol/L Mass loss, mg η, %

Imidazole Blank 5.10 –

0.028 3.20 37.3

0.056 2.54 50.1

0.085 2.20 56.9

0.112 1.60 68.6

0.140 2.03 60.1

2–Phenyl–2–imidazoline Blank 5.70 –

0.013 2.00 64.9

0.026 1.70 70.2

0.039 1.43 75.0

0.052 1.19 79.0

0.065 1.16 79.7
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(b)

F 1 .)��	b 2– �� –2– 	�	 Cu {�F 5% H2SO4 R�q�s?_
Fig.1 Polarization curves for Cu in 5% H2SO4 solution with various concentrations of imidazole (a) and 2–Phenyl–

2–imidazoline (b) (E—potential, I—current density)
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Table 2 Free potential Ecorr, corrosion current density Icorr and inhibition efficiency for Cu in 5% H2SO4 solution

with various concentrations of imidazole and 2–Phenyl–2–imidazoline by polarization curve method

Material Concentration, mol/L Ecorr, V Icorr, µA/cm2 η, %

Imidazole Blank −0.1228 0.1778 –

0.028 −0.1165 0.1122 36.9

0.056 −0.1154 0.0891 49.9

0.085 −0.1062 0.0708 60.2

0.112 −0.1014 00491 72.4

0.140 −0.1035 0.0631 64.5

2–Phenyl–2–imidazoline Blank −0.1228 0.1778 –

0.013 −0.1134 0.0620 68.4

0.026 −0.1143 0.0422 76.3

0.039 −0.1176 0.0355 80.0

0.052 −0.1182 0.0316 82.2

0.065 −0.1214 0.0288 83.8�� –2– 
Æ�~�Ær9or~hrzv�.

2.1.3 fn��ti 9.|t��L�	
?k
Cu "(GS	�3 0.112 mol/L
Æ 0.052 mol/L

2– �� –2– 
Æ�r 5% H2SO4 S�dr*vw9, /
Nyquist -V- 2 �|, vj|y!- 3. 9. Zview Y#
 Nyquist -��r�h.Z!% 3.1- 2 QW, �L+9/UKULo, �� Cu r*vo�1|`UzT`. Y1, GS	S��"(�3
Æ 2– �� –2– 
Æ�r H2SO4 S�d, ULo=�ZL, R/7%� Cu G 5% H2SO4 S�dr|`Uz|� R1 �ZL, Æ6 2– �� –2– 
Æ�rzvjZ�
Ær^. /=$~, 
Æ� 2– �� –2 – 
Æ
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F 2 Cu F;�b%� 0.112 mol/L 	b 0.052 mol/L

2– �� –2– 	�q 5% H2SO4 R�q
Nyquist ,

Fig.2 Nyquist plots for Cu in 5% H2SO4 solution with ad-

dition of 0.112 mol/L imidazole and 0.052 mol/L 2–

phenyl–2–imidazoline (ZRe—real part of impedance,

ZIm—imaginative part of impedance)

F 3 5�R�0�ui{x,
Fig.3 Equivalent circuit for interface between metal and

corrosive medium

(R1—charge transfer resistance, R2—solution resis-

tance, C1—capacitance of the electrical double layer)� 3 Cu H=�d#)�4 0.112 mol/L s��d
0.052 mol/Ls 2–�� –2–���s 5% H2SO4T�es}u��M;�

Table 3 Electrochemical impedance parameters for Cu

in 5% H2SO4 without and with addition of

0.112 mol/L imidazole and 0.052 mol/L 2–

Phenyl–2–imidazoline

Material R1 C1 η

Ω·cm2 µF/cm2 %

Blank 15658 1873.10 –

Imidazole 52134 34.26 69.97

2–Phenyl–2–imidazoline 64381 28.32 75.68�"{r�X, �Bd=XO2G Cu %�r H2O Æ-7G Cu |%�, Cj*�j(Æ0mzv�.. 1%
3 r�h��QW, 1�|U�w 2 gthJr�XÆ h. /=$~, H2O r3|D�63�thJr3|D�, O2G Cu |r H2O �3�thJBd, IH1�|U h, R9oi�t�`.Z�_.

2.1.4 �gh�k 2– bp –2– �Æo~�ze�� 9k
?B�
 2 gthJzvz�r)d, "(=�k 30, 40, 50  60 �U, Cu G<��3
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Table 4 Polarization curve parameters for Cu in 5% H2SO4 without and with addition of 0.112 mol/L

imidazole and 0.052 mol/L 2–Phenyl–2–imidazoline obtained at different temperatures

Temperature, � Material Ecorr, V Icorr, µA/cm2

30 Blank −0.1342 0.2555

Imidazole −0.1163 0.0825

2–Phenyl–2–imidazoline −0.1264 0.0506

40 Blank −0.1463 0.3090

Imidazole −0.1326 0.1646

2–Phenyl–2–imidazoline −0.1236 0.1207

50 Blank −0.1283 0.4473

Imidazole −0.1302 0.2852

2–Phenyl–2–imidazoline −0.1338 0.2266

60 Blank −0.1142 0.6285

Imidazole −0.1485 0.4047

2–Phenyl–2–imidazoline −0.1502 0.3381

0.112 mol/L 
Æ 0.052 mol/L 2– �� –2– 
Æ�r 5% H2SO4 S�drt�`, ,9.1/�<o�t�`�
(r*v|?*v|v��, /.Z!% 4.$*v\KQK�~�g Arrhenius �(\K, /�(�|H{ [23] VU:

Icorr = A exp(−Ea/(RgT )) (1){d, Ea %|�t�, Icorr %|*v|v��, A %|[3${, Rg 91$D�, T 9B�. %Y{g!*sB}K
�, � lnIcorr 9��#, � 1/T 9i�#�-, .ZV- 4 �|. 1-dY`rm| (–Ea/Rg) Qo Cu G
5% H2SO4 �S�d*v\Kr Ea=24.56 kJ/mol, �X
Æ� 2– �� –2– 
Æ�k, Ea "(Lm 42.56 50.64 kJ/mol. \�t�XK, "(�X
Æ 2– �� –2– 
Æ�k, *v\K�t�L�, ~�R'*<r�h7�8w Cu r*v, $Æ3jx `k Cu r*v�(. *s 2– �� –2– 
Æ�$Td�t��
Æ$Tdr�, $Y, /zvjZC^, R9oi��t�`�|t��L�r
?.ZH�_. ��;WU, �jJ℄O2r�t��69 20—40 kJ/mol, t�O2r�t��69 40—80 kJ/mol[15]. $Y, 
Æ 2– �� –2– 
Æ� 2 gthJG Cu %�rO29t�O2. *s, $B�k<, 
Æ 2– �� –2– 
Æ�
 Curzvj|H3��K�rU&, %�R 2 gthJ"{G Cu %�a�℄Gw��K�rJ℄O2w9. $Y, 
Æ 2– �� –2– 
Æ� 2 g"{G Cu |%�rO2�℄J℄t�O2, �t�O29o. Zos!~, VZ9. Ea<80 kJ/mol H�6J℄O2�6
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F 4 CuF;�b!'�W 0.112 mol/L	b 0.052 mol/L

2– �� –2– 	�q 5% H2SO4 R�q Arrhenius?_
Fig.4 Arrhenius plots for Cu in 5% H2SO4 without

and with addition of 0.112 mol/L imidazole and

0.052 mol/L 2–Phenyl–2–imidazoline (R2—corre-

lation coefficient)

80 kJ/mol H9t�O2r#v [6,12] 
�
?.Z8w"�, K
Æ 2– �� –2– 
Æ� 2 gthJG Cu %�rO2H9J℄O2. 9k��Y"�#v\6�>�/h℄, U�%8�2"(9.O2 Gibbs }1� ∆GmO2� ∆H m 
R 2 gthJrO2"z8w"�.

2.2 \^/ 2– �3 –2– \^`V Cu �<"K*NH9k
?
Æ 2– �� –2– 
Æ�G Cu %�rO2w9, 9.oi�G (25±1) �U=��orzvj| η=θ dX Langmuir O2vB{8w�h [24]:

Kc = θ/(1 − θ) (2)



�1022 4������ y 49 E{d, K 9 Langmuir D�, c 9zv�r�� (mol/L),

θ 9%�-7�. K 9 ∆Gm rRT9 [25]:

K = exp(−∆Gm/(RgT ))/55.5 (3)�zvj| η %|%�-7� θ, % Langmuir O2vB�K"9:

c/η = c + 1/K (4)� c/η 
 c �-, omV- 5 �|r�`-. 1- 5QW, x��9 Langmuir O2vB�K�DEh, 
Æ 2– �� –2–
Æ�rbRzT�"(9 0.94417
0.99869, %�
Æ 2– �� –2– 
Æ�"{G Cu %�rO29g?O2.Y1, B�- 5 d 2 &Y`r,�<o
(r 1/K,D1{ (3) ��P
Æ 2– �� –2–
Æ�r ∆Gm "(9 −31.94  −40.10 kJ/mol. 1Y.ZQW, 
Æ
2–�� –2–
Æ�r ∆Gm H~/Z, 6 2–�� –2–
Æ�r ∆Gm �Yh6
Ær ∆Gm, %�vBv�UR
2 gzv�"{HQ}�xO2G Cu %�, 2– �� –2–
Æ�G Cu %�rO29g�
Æ4. D\ [15–19] HO9 –∆Gm h6 20 kJ/mol s9J℄O2, −∆Gm 6 40 kJ/mol 9t�O2, 36 2 QX�r9J℄t�O2. 1YQW, 
Æ"{G Cu %�rO2�℄J℄t�O2, 6�t�O29o, Æ 2– �� –2– 
Æ�rO2�6t�O2. R99. “Ea 9 20—40 kJ/mol r
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F 5 	b 2– �� –2– 	�F Cu $�q Langmuir N1uA?_
Fig.5 Langmuir adsorption curves on Cu surface of im-

idazole and 2–Phenyl–2–imidazoline in 5% H2SO4

solution(c—concentration)
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F 6 	b 2- �� -2- 	�q lg[θ/(1-θ)] b 1/T QS,
Fig.6 Plots of lg[θ/(1–θ)] versus 1/T for imidazole and 2–

Phenyl–2–imidazoline (θ—surface coverage)� 5 ��d 2– �� –2– ���H Cu &	sP3Ne�;�
Table 5 Adsorption thermodynamic values of imidazole and 2–Phenyl–2–imidazoline on Cu surface

Material ∆Gm, kJ/mol ∆Hm, kJ/mol ∆Sm, J/(mol·K)

Imidazole −31.94 −41.22 −30.97

2–Phenyl–2–imidazoline −40.10 −47.32 −24.23
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2.3 \^/ 2– �3 –2– \^`$ Cu "1A493�zv�'\96�%�rJ℄t�O2 `6�*vr�j. O2rzv��X*v3adk, '\O2, ���6"k6�%�r|`u�1�za,y6�%��hu�=6F�, L�*v�(r�t�,� z*v��; s����O2rzv�"{ar�z�.�G6�%�tH�?��z�q, ��9*v�(3Rr|`�Ja2�, �y*v h. t�O2r�a~6�%��Q��tr6�%� (6�={�6��tJ) ℄GSVn, Æ3�zv�"{.Mdrz�.={ (N, S  O) ℄G|{
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$Y, G�z*v3ad, 
Æ�
Æ"{
Æ[{ 2 gt{℄G. - 7  8 "(9
Æ 2– �� –

2– 
Æ�G Cu %�rO2=℄-. $
Ævar 2 ?
N ={�℄GN
|{, /H�9 Cu |%�rSVntH$?", tH- 7a  b �|rt�O2?; $


F 7 	F Cu $�qN1<\,
Fig.7 Schematic of adsorption for imidazole on Cu surface (A—hydrogen ion repellent region)

(a) bond between Cu and N1 atom

(b) bond between Cu and N3 atom

(c) bond between Cu and N1 atom of N–onium ion

(d) physical adsorption of N–onium ion

F 8 2– �� –2– 	�F Cu $�qN1<\,
Fig.8 Schematic of adsorption for 2–Phenyl–2–imidazoline on Cu surface (A—hydrogen ions

repellent region, B—hydrophobic region)

(a) two bonds between Cu and N1 atom and the phenyl

(b) two bonds between Cu and N3 atom and phenyl

(c) two bonds between Cu and N1 atom and phenyl of N–onium ion

(d) two bonds between Cu and N–onium ion and phenyl
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