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Abstract Calixarenes CA1–CA4 containing one to four 4-

imidazolylethylamidocarbonyl groups were synthesized and

tested as inhibitors for the corrosion of mild steel in 1 M HCl

at 308 K. The study was made using Tafel polarisation and

weight-loss methods. In contrast to CA1, calixarenes CA2–

CA4 were good inhibitors, reaching inhibition efficiencies

(E%) of 94 to 100% at 10-4 M. The values of the inhibition

efficiency calculated by the two techniques were in accept-

able agreement. E% increased with the number of 4-

imidazolylethylamidocarbonyl groups attached to the

calixarene. Polarisation curves showed that CA2–CA4 act

as mixed-type inhibitors. Their adsorption on the steel sur-

face followed a Langmuir isotherm. Thermodynamic

parameters of adsorption were also deduced.

Keywords Corrosion � Steel � Calixarene � Inhibition �
Hydrochloric acid � Chemisorption

1 Introduction

Corrosion inhibitors are often added to secure metal dis-

solution in acid solutions used for removal of wastes and

deposits. By inhibiting metal dissolution they of course

also reduce acid consumption. Many aspects of the

molecular structure of organic molecules used as corro-

sion inhibitors have been associated with their activity

and, in particular, N-heterocyclic compounds offer good

protection of steel and iron in acidic media [1–4]. It is

commonly assumed that surface coordination occurs

involving lone pairs on N and/or the p-electrons of the

heterocycle. Of the azoles shown to give the most

effective inhibition [5–9], imidazole and amide deriva-

tives have the advantage of also being environmentally

friendly [10–15].

Calixarenes are amphiphilic molecules and their inter-

facial activity has been widely studied. Their adsorption

on surfaces has been shown to offer useful control of

surface reactivity [16, 17] and in particular we have

recently shown [18] that various derivatives of calix[6]-

arene offer promise as corrosion inhibitors for mild steel.

In extension of this work, we now describe the inhibitory

activity of a series of calix[4]arene derivatives, CA1–

CA4, in which a number of 4-imidazolylethylcarboxa-

mide substituents, varying from one to four, have been

introduced. These molecules combine the natural amph-

iphilicity of calixarenes with the particular properties of

an imidazole unit. The study was carried out by the

gravimetric method and the potentiodynamic polarisation

technique.

2 Experimental

2.1 Synthesis of CA1–CA4

CA1–CA4 (see Fig. 1) are new compounds and were

prepared according to the following procedures:
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2.1.1 5,11,17,23-tetra(t-butyl)-25-(2-(4-imidazolyl)

ethylamidocarbonylmethyl)calix[4]arene (CA1)

A mixture of the mono(methoxycarbonylmethyl) ether of t-

butylcalix[4]arene (1) (1.441 g, 2.0 mmol) and histamine

(0.277 g, 2.5 mmol) in 16 mL of a 1:1 mixture of metha-

nol:toluene was refluxed for 6 days. The solvents were

evaporated under reduced pressure. The residue was dissolved

in dichloromethane and washed with water. The organic layer

was dried over Na2SO4. After filtration and evaporation, the

resulting oil was purified by chromatography on a column

(SiO2: 9:1 CH2Cl2–MeOH) to yield CA1 (1.053 g, 64%) as a

white solid. Mp 148–149 �C. 1H-NMR (CDCl3):9.30 (t, 1H,

J = 2.5 Hz, NH amide), 7.55 (s, 1H, CH imidazolyl-Ha), 7.09

(d, 2H, J = 1.0 Hz, ArH), 7.07 (s, 2H, ArH), 7.06 (s, 2H, ArH),

7.02 (d, 2H, J = 1.0 Hz, ArH), 6.93 (s, 1H, CH imidazolyl-

Hb), 4.56 (s, 2H, ArOCH2), 4.26 (d, 2H, J = 10.1 Hz, AB

system, ArCH2Ar), 4.18 (d, 2H, J = 10.1 Hz, A0B0 system,

ArCH2Ar), 3.50 (d, 2H, J = 10.1 Hz, AB system, ArCH2Ar),

3.48 (d, 2H, J = 10.1 Hz, A0B0 system, ArCH2Ar), 3.86 (q, 2H,

J = 5.2 Hz, NHCH2CH2-imidazole), 3.10 (t, 2H, J = 5.2 Hz,

CH2-imidazole), 1.24 (s, 9H, tert-butyl), 1.23 (s, 18H, tert-

butyl), 1.17 (s, 9H, tert-butyl). Anal.calcd. For C51H65O5

N3 � 2 CH3OH: C, 73.65; H, 8.52. Found: C, 73.48; H, 8.60.

2.1.2 5,11,17,23-tetra(tert-butyl)-25,27-di-2-(4-imidazolyl)

ethylamidocarbonylmethyl)calix[4]arene (CA2)

Using the same procedure as for CA1: the 25,27-

bis(methoxycarbonylmethyl) ether of t-butylcalix[4]arene

(2) (1.030 g, 1.3 mmol), histamine (0.288 g, 2.6 mmol) in

16 mL of a 1:1 mixture of methanol:toluene was refluxed

for 4 days. The solvents were removed by evaporation

under reduced pressure. The residue was dissolved in

dichloromethane and washed with water. The organic layer

was dried over Na2SO4. The residue was precipitated with

diethyl ether to give pure CA2 (0.751 g, 68%) as a white

solid. Mp 154–155 �C. 1H-NMR (CDCl3):9.11 (broad t,

2H, NH amide), 7.84 (s, 2H, OH), 7.46 (s, 2H, CH imid-

azolyl-Ha), 7.08 (s, 4H, ArH), 6.95 (s, 4H, ArH), 6.77 (s,

2H, CH imidazolyl-Hb), 4.58 (s, 4H, ArOCH2), 4.13 (d,

4H, J = 13.3 Hz, AB system, ArCH2Ar), 3.69 (q, 4H,

J = 7.7 Hz, NHCH2CH2-imidazole), 3.45 (d, 4H,

J = 13.3 Hz, AB system, ArCH2Ar), 2.94 (t, 4H,

J = 7.7 Hz, CH2-imidazole), 1.28 (s, 18H, tert-butyl), 1.07

(s, 18H, tert-butyl). Anal.calcd. For C58H74O6N6 -

CH3OH: C, 72.05; H, 8.00; N, 8.55. Found: C, 72.43; H,

7.74; N, 8.75.

2.1.3 5,11,17,23-tetra(t-butyl)-25,26,27-tris(2-(4-

imidazolyl)ethylamidocarbonylmethyl)calix[4]arene

(CA3)

Using the same procedure as for CA1: the 25,26,27-

tris(methoxycarbonylmethyl) ether of t-butylcalix[4]arene

(3) (0.995 g, 1.15 mmol), histamine (0.771 g, 6.94 mmol)

in 16 mL of a 1:1 mixture of methanol:toluene was

refluxed for 5 days. The solvents were removed under

reduced pressure. The residue was dissolved in dichloro-

methane and washed with was added. The organic layer

CA1 : C51H65O5N3 MM = 800,09 g mol-1 CA2 :C58H74O6N6 MM = 951,26 g mol-1

CA3 : C65H83O7N9 MM = 1102,43  g mol-1 CA4 : C72H92O8N12 MM = 1253,60 g mol-1
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Fig. 1 Chemical formulae of

calixarenes CA1–CA4
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was dried over Na2SO4. The residue was precipitated with

hexane-diethyl ether to give pure CA3 (0.702 g, 68%) as a

white solid. Mp 203–204 �C. 1H-NMR (CDCl3):8.31(broad

s, 1H, NH amide), 7.93 (broad s, 2H, NH amide), 7.45

(broad s, 1H, CH imidazolyl-Ha), 7.40 (broad s, 2H, CH

imidazolyl-Ha), 7.16 (s, 2H, ArH), 7.07 (s, 2H, ArH), 6.70

(broad s, 1H, CH imidazolyl-Hb), 6.66 (broad s, 2H, CH

imidazolyl-Hb), 6.59 (s, 2H, ArH), 6.53 (s, 2H, ArH), 6.03

(s, 1H, OH), 4.41–4.35 (m, 6H, ArOCH2), 4.27 (d, 4H,

J = 10.9 Hz, AB system, ArCH2Ar), 3.70–3.44 (m, 6H,

NHCH2CH2-imidazole), 3.24 (d, 4H, J = 10.9 Hz, AB

system, ArCH2Ar), 2.89–2.72 (m, 6H, CH2-imidazole),

1.32 (s, 18H, tert-butyl), 0.83 (s, 18H, tert-butyl). Ana-

l.calcd. For C65H83O7N9 � 4 CH3OH: C, 66.86; H, 7.55; N,

11.65. Found: C, 66.86; H, 7.48; N, 10.17.

2.1.4 5,11,17,23-tetra(t-butyl)-25,26,27,28-tetrakis-2-(4-

imidazolyl)ethylamidocarbonylmethyl)-

calix[4]arene (CA4)

Using the same procedure as for CA1: the 25,26,27,28-

tetrakis(methoxycarbonylmethyl) ether of t-butylca-

lix[4]arene (4) (0.937 g, 1.0 mmol), histamine (0.889 g,

8.0 mmol) in 16 mL of a 1:1 mixture of methanol : toluene

was refluxed for 6 days. The solvents were removed under

reduced pressure. The residue was dissolved in dichloro-

methane and washed with water. The organic layer was

dried over Na2SO4. The residue was precipitated with

hexane to give pure CA4 (0.752 g, 56%) as a white solid.

Mp C 300 �C. 1H-NMR (insoluble in chloroform,

CD3OD): 7.56 (s, 4H, CH imidazolyl-Ha), 6.85 (s, 8H,

ArH), 6.77 (s, 4H, CH imidazolyl-Hb), 4.53 (d, 4H,

J = 13.3 Hz, AB system, ArCH2Ar), 4.48 (s, 8H,

ArOCH2), 3.53 (t, 8H, J = 7.3 Hz, NHCH2CH2-imidaz-

ole), 3.23 (d, 4H, J = 13.3 Hz, AB system, ArCH2Ar),

2.82 (t, 8H, J = 7.3 Hz, CH2-imidazole), 1.09 (s, 36H tert-

butyl). Anal.calcd. For C72H92O8N12 � 2 CH3OH: C, 67.44;

H, 7.65; N, 12.76, Found C, 67.98; H, 7.25; N, 12.34.

2.2 Gravimetric and polarisation measurements

The mild C38-steel used had the following chemical

composition (wt%): 0.09 P; 0.38 Si; 0.01 Al; 0.05 Mn; 0.21

C; 0.05 S and Fe to balance. Prior to all measurements,

samples were polished with different emery papers up to

1200 grade, washed thoroughly with bi-distilled water,

degreased with AR grade ethanol and acetone, and then

dried at room temperature. The corrosion medium (1 M

HCl) was prepared by dilution of Analytical Grade 37%

HCl with bi-distilled water.

Gravimetric measurements were carried out in a double-

walled glass cell equipped with a thermostat-cooling con-

denser. The solution volume was 100 mL. The steel

specimens had a rectangular form (2 cm 9 2 cm 9

0.05 cm). The immersion time for the loss of weight was

6 h at 308 K. After the corrosion test, the specimens were

carefully washed in bi-distilled water, dried and weighed.

The rinse removed loose segments of any corrosion films.

Duplicate experiments were performed in each case and the

mean value of the weight loss is reported. The different

weight losses were used to calculate a mean rate value

expressed in mg cm-2 h-1.

Electrochemical measurements were carried out in a

conventional cylindrical, three-electrode Pyrex-glass cell.

The steel working electrode (WE) was cut circular with a

geometrical area of 1 cm2 and was embedded in PTFE

(polytetrafluoroethylene). A saturated calomel electrode

(SCE) and a platinum disc electrode were used as reference

and auxiliary electrodes, respectively. The temperature was

controlled at 308 ± 1 K. The WE was abraded with silicon

carbide paper (grade 1200), degreased with ethanol and

acetone, and rinsed with bi-distilled water before use.

3 Results and discussion

3.1 Weight-loss tests

Although the neutral calix[4]arenes CA1–CA4 are of very

low solubility in water, their solubility is enhanced by

protonation of the imidazole units, so that concentrations in

the range 10-4–10-6 M used in the corrosion tests were

readily obtained. The weight-loss results for steel in

1 M HCl at different calixarene concentrations after 6 h

immersion at 308 K are given in Table 1. The inhibition

efficiency (Ew%) values were calculated from the equation:

Ew% ¼
Wcorr �WcorrðinhÞ

Wcorr

� 100 ð1Þ

where Wcorr(inh) and Wcorr are the corrosion rates of steel in

the presence and absence, respectively, of the inhibitor.

Clearly, all the calixarenes produce some degree of

corrosion inhibition, though this depends upon the con-

centration and the number of substituents, so that Ew%

increases with increasing inhibitor concentration to reach

33, 94, 95 and 100% at 10-4 M of CA1–CA4, respectively.

The most effective corrosion protection agent is CA4,

which provides complete protection (over 6 h) at a con-

centration as low as *5 9 10-5 M. The inhibition

efficiency indeed appears to be a linear function of the

number of imidazole-containing substituents (Fig. 2).

3.2 Polarisation measurements

Figure 3 depicts the polarisation curves of mild steel in 1 M

HCl as a function of the concentration of CA4. The values of
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the corrosion parameters Ecorr, Icorr and bc obtained from

potentiodynamic polarization curves for the steel in 1 M HCl

containing different concentrations of CA1–CA4 are sum-

marised in Table 2. From these measurements, the inhibition

efficiencies (EI%) were estimated from the expression:

EI% ¼
Icorr � IcorrðinhÞ

Icorr

� 100 ð2Þ

where Icorr and Icorr (inh) are the corrosion current density

values with and without the inhibitor, respectively,

determined by extrapolation of cathodic Tafel lines to the

corrosion potential.

The corrosion current density (icorr) of the steel electrode

under these conditions was 495 lA cm-1. It is clear that

icorr decreased with increasing calixarene concentration.

Addition of calixarene compounds to the acid solution

affected both the cathodic and anodic parts of the curves.

However, the corrosion potentials of specimens in acid

containing the inhibitors were almost constant and not

shifted in anodic or cathodic directions. The cathodic Tafel

plots indicated that hydrogen evolution was activation-

controlled and the change of bc towards higher values

indicated that the reduction mechanism was affected by the

presence of inhibitors. Thus, both hydrogen evolution and

Table 1 Weight-loss measurements for mild steel after 6 h immer-

sion in 1 M HCl at 308 K in the presence of various concentrations of

calix[4]arene derivatives

Inhibitor Concentration (M) W (mg cm-2 h-1) Ew (%) h

HCl 1 4.406 – –

CA1 10-6 4.338 1.5 0.02

10-5 3.787 14.0 0.14

5 9 10-5 3.509 20.3 0.20

10-4 2.938 33.3 0.33

CA2 10-6 3.354 23.8 0.24

10-5 1.011 77.1 0.77

5 9 10-5 0.563 87.2 0.87

10-4 0.274 93.7 0.94

CA3 10-6 2.699 38.7 0.39

10-5 0.803 81.7 0.82

5 9 10-5 0.303 93.1 0.93

10-4 0.286 93.5 0.94

CA4 10-6 1.751 60.2 0.60

10-5 0.156 96.4 0.96

5 9 10-5 0.0023 99.9 1.00

10-4 0.000 100 1.00
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Fig. 3 Polarisation plots of steel in 1 M HCl at various concentra-

tions of CA4

Table 2 Electrochemical parameters and deduced corrosion inhibi-

tion efficiencies of steel under various concentrations of CA1–CA4 in

1 M HCl at 308 K

Inhibitors Conc

(M)

Ecorr versus

SCE

(mV)

bc

(mVdec-1)

Icorr

(lA cm-2)

E

(%)

HCl 1 485 176 495 _

CA1 10-4 470 255 255 48

CA2 10-6 475 226 210 57

10-5 478 189 76 85

5 9 10-5 455 190 65 87

10-4 465 185 50 90

CA3 10-6 480 226 349 30

10-5 495 190 80 83

5 9 10-5 480 191 60 87

10-4 470 203 47 90

CA4 10-6 480 218 280 43

10-5 475 203 200 60

5 9 10-5 470 246 90 81

10-4 468 182 18 96
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steel dissolution were inhibited, so that CA1–CA4 can be

described as mixed-type inhibitors.

3.3 Adsorption isotherms

A Langmuir adsorption isotherm [19] was found to provide

the best description of the adsorption behaviour

Cinh

h
¼ 1

k
þ Cinh ð3Þ

k ¼ 1

55.5
� exp �DG

�

ads

R � T

� �
ð4Þ

where Cinh is the inhibitor concentration; h is the fraction

of the surface covered, k is the adsorption equilibrium and

DGads
� is standard free energy of adsorption. This equation

applies in principle only to smooth surfaces where the

adsorbing particles do not interact [20].

Figure 4 shows the dependence of the ratio C/h of the

covered surface as function of the concentration (C) of

CA2–CA4. The degree of surface coverage h for different

concentrations of the inhibitors in acidic media was eval-

uated from the weight loss measurements using the

equation [21]:

h ¼
Wðh¼0Þ �Wh

Wðh¼0Þ �Wðh¼1Þ
ð5Þ

While various mechanisms for the adsorption of nitro-

gen-containing molecules on metal surfaces have been

proposed [22–24], protonation of the imidazole units under

the acidic conditions used presently would appear to

exclude the involvement of N lone pairs of C1–C4 in

coordination to Fe. (See ahead for further discussion of this

issue.)

The plots in Fig. 4 are linear with slopes to close to

unity and regression coefficients R [ 0.999. Thus, it would

appear that the inhibitor molecules do not interact on the

steel surface. The intercept allows the calculation of the

equilibrium constant K and so of DGads
� (Table 3).

Stronger adsorption (more negative DGads
� ) can be

associated with higher inhibition efficiency [25, 26]. Val-

ues of DGads
� of less than–40 kJ mol-1 are usually taken as

indicative of chemisorption, i.e., the formation of a bond

between the inhibitor and the surface [27]. The DGads
�

values presently obtained are therefore taken as indicative

of this situation and indeed we observed the formation of

an adherent yellow film on the surface of the steel imme-

diately following its immersion in inhibitor-containing

solutions. Although interaction via coordination of imid-

azole-N to iron is possible [28], the fact that the imidazole

units of C1–C4 would be protonated in 1 M HCl probably

excludes such coordination and thus it may be that the

surface binding involves p-coordination of the calixarene

to Fe [29]. Given that Cl- is well known to catalyse

electron transfer reactions involved in the corrosion of iron,

it is possible that not only do the calixarenes block the

surface by their adsorption but that they prevent close

approach of Cl- to the surface by forming inclusion

complexes involving H-bonding of the anion to the pro-

tonated imidazole units [30].

4 Conclusion

The principal conclusions are drawn from the present study

are:

• CA1–CA4 act as mixed-type inhibitors and their

inhibition efficiencies increase with increasing inhibitor

concentration.

• The protection ability of these inhibitors decreases in

the order of CA4 [ CA3 [ CA2 [ CA1, with CA4

providing essentially complete protection over

extended periods at concentrations below 10-4 M.

• The inhibition order CA4 [ CA3 [ CA2 [ CA1

reflects the strength of their adsorption on the mild

steel surface. The adsorption fits the Langmuir isotherm

model.

The actual mechanism of corrosion inhibition by calixare-

nes remains a subject for further investigation but it is

possible that it involves both blockage of the surface by

film formation and inhibition of electron transfer by the

binding of catalytically active anions.
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Fig. 4 Langmuir isotherm adsorption model of CA2–CA4 on the

surface of steel in 1 M HCl

Table 3 Adsorption parameters for CA2–CA4 in HCl solution

Linear regression

coefficient (r)

Slope K DGads
� /kJ mol-1

CA2 0.9997 1.038 302571.9 -42.63

CA3 0.99999 1.036 578837.7 -44.29

CA4 0.99999 0.994 1953239.4 -47.41
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