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Abstract 

In this work, 2,6-di-tert-butyl-4-(4-iodophenylazo)phenol (Azo) has been prepared. The chemical structure of this Azo compound has 
been identified via elemental analysis, Fourier transform infrared spectroscopy (FT-IR), 1Hnuclear magnetic resonance spectroscopy (1H 
NMR), and mass spectrometry. Furthermore, its ability to inhibit the corrosion of carbon steel in 1 M HCl was studied. Various 
techniques were used to investigate its inhibition efficiency, including potentiodynamic polarization PDP, electrochemical impedance 

spectroscopy (EIS), and electrochemical frequency modulation (EFM). It is found that the synthesized compound reveals high inhibition 
efficiency that is increased as the inhibitor concentration increased. The maximum level of inhibition efficiency has been achieved at an 
inhibitor concentration of 1×10−4 M. The prepared azophenol adsorbed on the steel surface in the form of a mono layer with lateral 
interlinks between the molecules, according to the adsorption studies. Furthermore, chemisorption is the major adsorption in this 
situation. 

Keywords: Corrosion inhibition, Carbon steel, Azophenol, EDX, PDP 

Keywords: Type your keywords here, separated by semicolons ;  

1. Introduction 

Corrosion in the oilfield produces a variety of 

problems, including leaks in tanks, casings, tubing, 

pipelines, and other equipment (1-4), which can 

complicate operations and maintenance. This 

frequently results in partial or even entire shutdowns, 

resulting in significant financial losses exceeding 

20% of the maintenance budget (5, 6).Although acids 

are commonly employed in a variety of industrial 

applications, including pickling, cleaning, and 
descaling, they often cause steel equipment to fail, 

particularly carbon steel. As a result, significant 

research efforts have been devoted to the study of 

organic corrosion inhibitors in order to slow down the 

corrosion process and so avoid economic losses due 

to metallic corrosion. In acidic media, the majority of 

well-known organic corrosion inhibitors are aliphatic 

or aromatic compounds with nitrogen, sulphur, and 

oxygen atoms in their molecules. Furthermore, the 

presence of functional groups such as–C=N–,–N=N–, 

and ROH, as well as aromaticity and electron density 

at donor atoms, affect corrosion-inhibiting efficacy in 

hostile solutions (7-11).Inhibitors can be adsorbed on 

the metal surface either by the formation of 

coordinate covalent bonds (chemical adsorption) or 
the electrostatic interaction between the metal and the 

inhibitor (physical adsorption) (12, 13).The  

performance of organic inhibitors depends on many 

factors such as; the presence of electronegative 

heteroatoms, double bonds, electron-donating or -

withdrawing substituent groups, as well as the size of 

the aromatic ring and the chain length of the 

hydrocarbon (14-16). 

Azo dye derivatives have piqued the interest of 

scientists due to their numerous applications in a 

variety of sectors. In 1 M HCl solution, certain 

benzonitrileazo dyes showed  inhibition effectiveness 
for carbon steel that increased with increasing 
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inhibitor concentration(17). Similarly, azo dyes 

including 4,5,6,7-tetrahydro-1,3-benzothiazole were 

tested as anticorrosive agents, and their ability to 

inhibitthedissolution of mild steel in 1 M HCl 

solution was established(18). Also in a solution of 1 

M HCl, the azo compound; 2,4-dihydroxy-5-((5-

mercapto-1H-1,2,4-triazol-3-yl) diazenyl) 

benzaldehyde was investigated as inhibitor for carbon 

steel.It has been demonstrated that the inhibition 

efficiency of that azo compound increases with 
increasing of its concentration but decreases with 

rising temperature(19). The effect of iodide ions on 

the corrosion protection of 3-(4-cyanophenylazo)-

2,4-pentanedione for carbon steel in 0.5M H2SO4 

solution was explored experimentally and 

theoretically. It has been discovered that the presence 

of iodide ions improves theinhibition efficiency of 

that inhibitor(20).The goal of this work was to test 

phenylazo phenol derivative, such as 2,6-di-tert-

butyl-4-(4-iodophenylazo)phenol(AZO), as a novel 

corrosion inhibitor for carbon steel in 1 M HCl 
solution using electrochemical methods. 

2. Experimental 

2.1.Materials  

All of the reagents used in this research were of 

analytical grade and didn't  require any additional 

purification(bought from Merk Co., Aldrich, and 

Fluka Chemical Co.).Carbon steel with the following 

chemical composition (wt%) has been employed in the 

corrosion experiments: C, 0.093; P, 0.014; Si, 0.011; 

Mn, 0.853; Cr, 0.025; Cu, 0.012; Al, 0.032; Ni, 0.013; 

and Fe, balance. Dilution of laboratory grade 37 % 
HCl with bi distilled water produced an aggressive 

solution of 1M HCl. 

 

2.2. Preparation of inhibitors  (21) 

Azo phenol derivative used in this study wasprepared 

through two steps:  

(i) Diazotization.  

4-iodo aniline (0.05mol) was dissolved in  0.05 mol 

HCl. The mixture was chilled to 0 °C using ice bath. 

NaNO2 (0.05 mol) was added dropwise while stirring 

and the temperature was kept at 0°C for 1 hour to get 

diazonium solution 

(ii) Coupling. 

0.05 mol 2,6-di-tert-butyl phenol was dissolved in 15 

ml aqueous solution of 0.05 mol NaOH, and chilled to 

0 °C in using ice bath. The produced diazonium 

solution was then progressively added to this solution, 

which was then stirred for 20 minutes. The acidified 

product was filtered, washed with distilled water, and 

then recrystallized from acetic acid. 

 

The main scheme of the preparation is shown in Fig.1 

2.3. Characterization of the prepared compound 

The chemical structure of the prepared compound 

was ascertained using elemental analysis(elemental 

analyzer CHNS-932, LECO), infrared (IR) 

spectroscopy with an (FTIR-type Nicolet iS10 

spectrometer), nuclear magnetic resonance (NMR) 

spectroscopy with tetramethylsilane as an internal 

standard(Varian 300 MHz spectrometer), and mass 

spectrometry(SHIMADZU GC/MSQP). 

 

2.4. Electrochemical method  
Potentiostat/Galvanostat(Gamry, Reference 3000, 

Model number 992-00051) was used to perform the 

electrochemical experiments. A three-electrode cell 

with a platinum wire ascounter electrode, a saturated 

calomel electrode as a reference electrode, and 

carbon steel as a working electrode was used for 

electrochemical studies. The working electrode was 

shaped  into a cylindrical form  of  2 cm length and 1 

cm cross-sectional diameter.Only the electrode's 

cross-sectional area was exposed to the electrolyte 

after it has been installed in a glass tubing using 
Araldite. A set of emery papers (grade 320-400-600-

800-1000-1200) were used to abrade the electrode 

surface. After thatit has been washed with distilled 

water, degreased with acetone, and finally dried in 

air.After cleaning step, the working electrode has 

been immersed in 50 ml  of 1 M HCl solutionat 

298°k, in the absence and presence of various 

concentrations of the inhibitor(0.50×10−6– 1×10−4M). 

At a scan rate of 0.5 mV s1, potentiodynamic 

polarization measurements(PDP)were performed. 

After immersing the electrode in the aggressive 
solution for 1 hour and at OCP, EIS was performed. 

At 298°K, the cell was subjected to a tiny alternating 

voltage perturbation (10 mV) (peak to peak) spanning 

a frequency range of 100 kHz to 20 MHz EFM was 

carried out with a 10 mV AC amplitude and two 

frequencies of 2 and 5 Hz. 

  

2.6.Surface 

After immersion in 1 M HCl solution for 24 hours (in 

the absence and presence of the inhibitor at the 

maximum concentration, 1×10−4 M),the surface 

morphology of the tested sample was studied. 
Scanning electron microscopy (SEM) and energy-

dispersive X-ray (EDX) examination were performed 

on the examined specimen after it has been removed 

from the solution and dried (JOEL, JSM-T20, Japan). 

 

 

3. Results and discussion 

3.1. Characterization of prepared compound 

FTIR, 1НNMR, elemental analysis,and Mass spectra 

confirmed the structure of 2,6-di-tert-butyl-4-(4-

iodophenylazo)phenol (Azo), as shown in Figs. 2,3, 
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and 4, respectively.  

 Yield 95%:m.p. 237–239 °C. IR (KBr): ν 

(cm-1) 3417 (OH),3109–3206 (CHAr), 1604 

(–N=N–).1HNMR ppm: for (DMSO) 

δ=2.502, δ=7.8 (s, 1H, -OH ) , δ=6.93 ( d, 

4H, aromatic H for iodo),δ=7.19 (s, 2H, 

aromatic H), δ=1.075 (s, 1H, -CCH3 ), 

δ=1.246 (s,1H, -CCH3),δ=1.344(s, 1H, -

CCH3) ,δ=1.388 ( s, 1H, CCH3), δ=1.437 

(s,1H, -CCH3),Anal. Calc. for C 55.05, H 

5.78, N6.42% found: C 55.21, H 5.83, N 

6.64%. MS: m/z 436.33, m/z found: 436.02 

 3.2. Electrochemicalmeasurements 

3.2.1. Potentiodynamic polarization technique 

Figure 5 show the PDP curves for carbon steel in 1 M 

HClin the absence and presence of the synthesized 

compound at concentrations of (0.50 × 10−6–1× 
10−4M) at298°k.Table 1 presentsthe values of 

electrochemical parameters like corrosion current 

density (Icorr ), corrosion potential (Ecorr), cathodic and 

anodic Tafel slopes (βc and βa), and inhibition 

efficiency. The findings clearly show that the 

synthesizedinhibitor reduces the corrosion rate by 

shifting both the anodic and cathodic branches of the 

Tafel plots to lower current density values at all 

concentrations.Table 1 shows that the values of 

(βc)changed due to a change in inhibitor 

concentration, which reduced hydrogen evolution by 

cathodicreduction, the values of (βa) changed due to 
adsorption of inhibitor molecules on the surface of 

carbon steel by anodic reaction, and the values of 

(Icorr) decreased due to adsorption of inhibitor 

molecules on the surface of themetal and blocking the 

active sites by cathodic and anodic reactions. We can 

see from the table and figures that increasing the 

inhibitor concentration decreases the corrosion rate. 

The inhibition efficiency (IE %) and thedegree of 

surface coverage (Ɵ) were calculated using the 

following equations(22): 

 
Ɵ = [(I0corr – Icorr)/I0corr] 

 

(1) 

IE% = [(I0corr – Icorr)/I0corr]× 100 (2)       

 

WhereIcorr and I0corr denote the inhibited and 

uninhibited corrosion current densities, respectively. 

 

3.2.2. EIS measurements 

Table 2.Electrochemical impedance spectroscopy 

parameters; slopes of the Bode impedance magnitude 

at intermediate frequencies (S), and maximum phase 
angle values (α°) for the corrosion of steel in 1 M 

HCl in the absence and presence of different 

concentrations of the prepared compound at 298°k 

After immersing the electrode in 1 M HCl for 1 hour 

in the presence and absence of various inhibitor 

concentrations ranging from (0.05 x10-5 – 10 x10-

5M),EIS was recorded at open-circuit potential (OCP) 

with a tiny alternating voltage perturbation (10 mV) 

imposed on the cell spanning a frequency range of 

100 kHz to 20 MHz at 298°K and is displayed as 

Nyquist plots and Bode plots in Fig.6. 

 

The Nyquist plots in 1 M HCl at OCP and 298°k with 
and without the Azocompound are shown in Fig. 6, 

and the results are listed in Table 2. This reaction 

follows the Faraday process, which ensures that a 

single charge transfer resistance is present in parallel 

with the double-layer capacitance element [16].This 

indicated that charge transfer occurs at the 

electrode/solution interface, that the mode of transfer 

determines corrosion reaction, and that the presence 

of inhibitors has no effect on the steel dissolution 

mechanism[17]. 

 
The figure shows a consistent shape across all tested 

concentrations, demonstrating that the corrosion 

mechanism did not alter as a result of the addition of 

this inhibitor (23). 

However, the diameter of this semicircle increasesin 

the presence of inhibitor than in the absence of 

inhibitor, and it also increases with increasing 

inhibitor concentrations, showing that the inhibitor 

reveals significant corrosion resistance.The 

analogous circuit consists of a double-layer 

capacitance (Cdl) in parallel with a charge transfer 
resistance (Rct), which was previously used to 

represent the iron/acid interface, and a similar circuit 

for acidic corrosion inhibition of steel has been 

described in the literature [16, 17]. 

The variation in solution resistance (Rs), charge 

transfer resistance (Rct), and double-layer 

capacitance (Cdl) is summarized in   table 2. As can 

be seen, the values of Rs are quite low when 

compared to the values of Rct. The value of Rct 

increases as the inhibitor concentrations increase, 

whereas the value of double-layer capacitance (Cdl) 

decreases. Cdl decrease when the local dielectric 
constant decrease and/or the thickness of the 

electrical double layer increases, indicating that the 

inhibitoradsorbed at the metal/solution interface 

(24).The following equation (25):was used to 

compute the inhibitory efficiency: 

 

Ɵ    = [(Roct -Rct)/Roct]   (3) 

ηz% = [(Roct -Rct)/Roct] × 100 (4) 

 

Where Rct and Roctdenotethe charge transfer 

resistances with and without the inhibitor, 
respectively.The inhibition efficiency increases with 

the increase ofconcentration of the inhibitor. 
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Fig.1. Schematic diagram for preparation of 2,6-di-tert-butyl-4-(4-iodophenylazo)phenol. 

 

Fig.2. The FTIR spectra for 2,6 Di-tert.-butyl -4-(4-iodo-phenylazo)- phenol. 
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Fig.3. 1HNMR spectra of 2,6 Di-tert.-butyl -4-(4-iodo-phenylazo)- phenol. 

 
Fig.4.Mass spectrumof 2,6 Di-tert.-butyl -4-(4-iodo-phenylazo)- phenol. 

 
 

. 

Table 1.Corrosion parameters calculated form potentiodynamic polarization measurements in 1M HCl in the 

absence and presence of various concentrations of the synthesized compound at 298°K 

 

 

 

Cpd. 

 

Conc. 

(M) 

X10−5 

 

I corr. 

(μA 

cm⁻²) 

 

Ecorr. 

(mVvsSCE) 

 

ßa 

(mV dec⁻¹) 
X 10−3 

 

ßc 

(mV dec⁻¹) 
X 10−3 

 

K 

(mpy) 

 

Ɵ 

 

IE 

% 

 

Blank 0.00 

 

606 −340 84.00 95.40       276.7 ---- ---- 

 

 

 

 

Azo 

0.05 255 −435 163.8 111.9 116.4 0.5793 57.93 

0.50 246 −350 69.40 107.2 112.6 0.5931 59.31 

1.00 206 −436 150.9 131.6 94.24 0.6594 65.94 

5.00 193 −403 108.0 125.3 88.00 0.6820 68.20 

10.0 172 −408 112.8 120.0 78.44 0.7165 71.65 
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Fig.5.Potentiodynamic polarization curves of the synthesizedcompound in the presence and absence of various 
inhibitor concentrations at 298°k. 
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Fig.6.Nyquist(a), Bod (b) and phase angle plots(c) of EISfor the corrosion of steel in 1M HCl in the absence and 

presence of different concentrations of Azo compound at 298 °k.. 
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Table 2.Electrochemical impedance spectroscopy parameters; slopes of the Bode impedance magnitude at 

intermediate frequencies (S), and maximum phase angle values (α°) for the corrosion of steel in 1 M HCl in the 
absence and presence of different concentrations of the prepared compound at 298°k 

 

 

Cpd. 

 

Conc. 

(M) 

X10−5 

 

 

Rs(Ru) 

 (Ω cm2) 

 

 

Rct(Rp) 

(Ω cm2) 

 

Yo 

(μ Ω1sncm2) 

    X 10−3 

 

 

N 

 

 

Cdl 

(μFcm−2) 

 

Chi-

squared 

X10−3 

 

 

Θ 

 

 

ηz 

% 

Blank 0.00 1.038 18.88 4.478 0.899 3391.65 0.353 ----- ---- 

 0.05 1.401 88.70 0.445 0.856 264.92 0.489 0.7871 78.71 

0.50 1.149 92.93 0.325 0.850 175.92 0.583 0.7968 79.68 

1.00 0.913 104.6 0.419 0.848 239.51 0.601 0.8195 81.95 

5.00 0.849 162.0 0.206 0.860 118.44 0.302 0.884 88.40 

10.0 1.109 178.2 0.298 0.803 145.36 0.418 0.8940 89.40 

 

 

 

 
 

Fig.7.EFM spectra for corrosion of carbon-steel in 1 M HCl in the absence and presence of different 

concentrations of inhibitor Azo at 298ºk 
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Fig.8. Langmuir isotherm [C/𝜃] vs. [C] of inhibitor(Azo)for corrosion of steel in 1 MHCl at 298ºK 

 

 
 

 

 

 

Fig.9.Scanning electron micrographs of the tested samples,(A) blank, B sample with (1× 10−4M) of Azoinhibitor. 
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Table 3. Electrochemical kinetic parameters obtained via electrochemical frequency modulation for the corrosion 

of steel in the absence and presence of various concentrations of the prepared Azocompound in 1 M HCl at 

298°k. 

 

 

Cpd. 

 

Conc. 

(M) 

  X 10⁻5 

 

Icorr. (μA 

cm⁻²) 
 

 

βa  

(mV dec⁻¹)  
3−x10 

 

Βc 

 (mV dec⁻¹) 
x10−3 

 

 

 

CF-2 

 

 

CF-3 

 

k  

(mpy) 

 

 

Θ 

 

ηEFM 

% 

Blank 0.00 1.007 73.76 92.82 2.033 3.191 460.3 ___ ___ 

 
 

 

Azo 

0.05 231.4 90.39 94.36 3.026 3.076 105.7 0.7704 77.04 

0.50 202.8 87.22 91.87 2.792 3.145 92.68 0.7986 79.86 

1.00 174.6 90.21 95.60 2.273 3.070 79.78 0.8267 82.67 

5.00 230.8 89.18 93.54 2.633 2.974 105.5 0.7708 77.08 

10.0 136.3 96.38 100.7 1.875 3.244 62.27 0.8647 86.47 

 

 

 
Fig.10. The EDX patterns of the film formed on carbon steel surface after immersion in HCl in absence and 

presence of the investigated inhibitor. 
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Table 4.Weight percentages of elements on the steel surface in the presence and absence of 1 × 10−4 M 

ofAzoinhibitor by energy-dispersive X-ray analysis 

 

Specimen 
Fe 

wt% 

O 

wt% 

Cl 

wt% 

C 

wt% 

N 

wt% 

Mild steel in  (1 M HCl) 47.6 28.6 17 0.09 --- 

Mild steel in  (1 M HCl + Azo) 70.2 13.2 1.3 12.6 2.7 

 

3.2.3. EFM of carbon steel in 1 M HCl 

EFM has recently emerged as a new corrosion 

measurement technique that doesn't require prior 

knowledge of the Tafel constants (26).The current 

responses occur at higher frequencies than the 

applied signal, such as zero harmonic and 
intermodulation frequencies, when one or more sine 

waves are used to aid a potential disturbance. 

Corrosion rate, Tafel parameters, and causality 

factors (CF-2 and CF-3) are all measured in a single 

dataset with this method. To get a current response in 

the EFM, every corroding specimen is subjected to a 

potential perturbation signal composed of two sine 

waves.It may also be used to precisely measure 

corrosion parameters for various metals and 

electrolytes combinations. CF-2 and CF-3 have 

standard values of 2.0 and 3.0, respectively, 
suggesting legitimate EFM data. Different values 

indicate that noise has impacted the measurement.  

Figure 7 shows the EFM spectra for carbon steel 

corrosion in 1 M HCl at 298°K, which includes 

current responses assigned to harmonic and 

intermodulation current peaks.Icorr, Tafel slopes βc 

and βa, and CF-2 and CF-3 were calculated from the 

larger peaks, and the results are provided in Table7. It 

has been established that as the inhibitor 

concentration increased, the corrosion current 

densities of carbon steel decrease.  

The largest peak were used to calculate all kinetic 
factors derived from EFM, such as Icorr,βc, βa, and 

CF-2 and CF-3, which were then gathered in Table 3. 

The ηEFM % and ɵ were calculated using the 

following equation[22] 

 

ηEFM =Ɵ x 100 = (I0corr – Icorr )/ 

I0corrx100  

(5) 

 

 

As I0corrandIcorrrepresenting the current densities for 

the corrosion solutions that does not contain and 

contain the inhibitors, respectively. 
 

3.2.4. Mechanism of corrosion 

The adsorption isotherm can be used to describe the 

types, sites, and frequency of mutual interactions 

between a metal surface and an inhibitor. When a 

metal is put to a corrosive medium, it has a 

relationship between its surface coverage and the 

inhibitor concentration (C). The Langmuir adsorption 

isotherm, as shown in thefollowing equation, better 

explains the azo compound adsorption on mild steel 
surfaces(27).The data fromPDP was used to solve the 

following equation: 

 
𝑐

𝜃
=  

1

kads
+  𝑐  (6) 

 

Where: Kadsis the equilibrium constant of the 

inhibitor adsorption process and C is the inhibitor 
concentration.From figure 8, Kadsvalue is7.4x105.The 

higher values of Kads indicate stronger adsorption of 

Azo in the surface of carbon steel(28, 29).The free 

energy values of adsorption (ΔG0
ads)were calculated 

using thefollowing equation (30): 

 

ΔG0
ads = - RT ln(55.5 Kads)       

 

(7) 

 

where the factor 55.5 represents the concentration of 

watermolecules in the solution (in mole/l) and R is 
the universal gas constant (8.314 J K-1 mol-1). ΔG0

ads 

value of -43.43KJmol-1, confirming the spontaneous 

adsorption of Azo molecule. The dominant 

adsorption for this case ischemisorptions(31, 32). 

 

3.3.Morphology 

3.3.1. Scanning Electron Microscope (SEM) 

analysis 

SEM micrographs of the examined specimens in the 

absence and presence of the inhibitor at the highest 

concentration of 1× 10−4 M are shown in Figure 9. In 

the absence of the inhibitor, the surface of the steel 
specimen corroded in 1 M HCl revealing deep black 

grooves with grey zones, which match to the dandruff 

of the generated corrosion products. Meanwhile, in 

the presence of theAzoinhibitor, which was 

uniformly distributed across the steel specimen's 

surface, no grooves were observed. As validated by 

SEM analysis, the adsorbed inhibitor appeared as 
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white spots covering the whole surface of the tested 

steel specimen(33). 

 

3.3.2.Energy Dispersive X-ray(EDX) analysis 

 

To confirm the adsorption of the inhibitor on the 

surface  of steel specimens, EDX was used to 

quantify the components present and their 

percentages (Table 4). The presence of oxygen and 

iron with a weight percentage equal to their 
percentage in iron hydroxide, as well as a high weight 

percentage of chloride ions, was confirmed by EDX 

analysis for the steel sample evaluated in the absence 

of the inhibitor. On the other hand, the steel specimen 

evaluated in the presence of the inhibitorhad a high 

carbon and nitrogen content. The adsorption of the 

inhibitor on the steel surface is the sole explanation 

for this result.Furthermore, there was a significant 

decrease in the weight proportion of oxygen and 

chloride ions. The EDX patterns of the film generated 

on a carbn steel surface in the absence and presence 
of the investigated inhibitor are shown in Figure 10. 

 

 

Conclusion 

Based on the experimental results, the following 

main conclusions can be considered: 

1. Azo phenol derivative prepared and 

characterized by IR,1HMR and mass spectroscopy. 

2. This compound was evaluated  by different 

electrochemical techniques as effective corrosion 

inhibitors for carbon steel in 1 M HCl. 

3. In the presence of the prepared inhibitor, SEM and 
EDX investigations demonstrated the formation of a 

protective film on the metal surface. 

4. Inhibition efficiency of prepared azo phenol 

increases with the increasing of the concentration of 

the inhibitor. 

5. This inhibitor can be used effectively in many 

industries where HCl is involved to protect carbon 

steel from corrosion 
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