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Abstract Electrochemical studies of the synergistic effect

of p-phenylenediamine and n,n diphenylthiourea (TPD) as

corrosion inhibitor of mild steel in dilute sulphuric and

hydrochloric acid through weight loss and potentiodynamic

polarization at ambient temperature were performed.

Experimental results showed the excellent performance of

TPD with an optimal inhibition efficiency of 88.18 and

93.88 % in sulphuric and 87.42 and 87.15 % in hydrochloric

acid from both tests at all concentration studied. Polarization

studies show the compound to be a mixed-type inhibitor.

Adsorption of deanol on the steel surface was observed to

obey the Langmuir and Frumkin isotherm models. X-ray

diffractometry confirmed the absence of corrosion products

and complexes. Optical microscopy confirmed the selective

inhibition property of TPD to be through chemical adsorp-

tion on the steel surface.

Keywords Corrosion � Inhibitor � Adsorption � Organic �
Acid

Introduction

Carbon steel is extensively utilized in petrochemical plants,

chemical processing plants, extractive industries, and con-

struction and automobile industries due to its good

mechanical, chemical and physical properties [1–6]. These

steels are exposed to the deteriorating effect of acids in a

variety of differentways resulting in corrosion.Hydrochloric

acid is the most difficult of the common acids to handle from

the pointview of corrosion and materials of constructions.

Extreme care is required in the selection of materials to

handle the acid by itself, even in relatively dilute concen-

trations, or in process solutions containing appreciable

amounts. This acid is very corrosive to mild steel. In indus-

tries, hydrochloric acid solutions are often used in order to

remove scale and salts from steel surfaces, cleaning tanks

and pipelines, production of organic and inorganic com-

pounds, regeneration of ion exchange resins, oil production,

etc. Hydrochloric acid is widely used for various treatments

of materials in industry. The aqueous electrolyte phase in the

overhead condenser, which comes from the brinewater in the

crude and steam stripping, containsmostly hydrochloric acid

which is released by hydrolysis of calcium chloride (CaCl2)

and magnesium chloride (MgCl2) and also contains hydro-

gen sulphide (H2S) The corrosion in this unit is mostly due to

the condensed HCl. Sulphuric acid is produced more than

any other chemical in the world. It has large scale uses

covering nearly all industries, such as fertilizer industries,

petroleum refinery, paint industry, steel pickling, extraction

of non-metals and manufacture of explosives. In chemical

industries, it is used for the production of dye stuffs, phar-

maceuticals and fluorine. Sulphuric acid is widely used in

industries such as pickling, cleaning and descaling, industrial

cleaning agent and production of chemicals. Corrosion is an

electrochemical process through results in the gradual

deterioration of ferrous alloys through redox reactions [7].

This anomaly demands the perpetual search for more

effective and versatile corrosion inhibiting compounds, due

to the differential environmental conditions encountered in

industry. This remains a centrepiece in corrosion prevention
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as inhibitors decelerate the electrochemical processes

responsible for corrosion. The application of inhibitors is one

of the most cost effective methods for corrosion control in

acidic media [8]. Most common inhibitors employed in

industry are compounds of organic origin whose basic con-

stituents are nitrogen, oxygen and sulphur atoms. Inhibitors

consisting of double or triple bonds facilitate the adsorption

of the organic compounds onto metal surfaces, forming an

impenetrable protective barrier through chemisorption

reactions [9–17]. The chemical bond is formed between the

electron pair and/or the pi-electron of the protonated species

and the valence metal ions at the surface, thereby reducing

corrosive attack in an acidic medium. Most compounds of

synthetic origin are toxic, environmentally unfriendly and of

high cost; thus, there is a need for low-cost, highly effective

compounds [18]. Thiourea derivatives and p-phenylenedi-

amine have been studied individually in previous research

for corrosion inhibition properties with mixed results [19–

23]; however, this research aims to study the synergistic

effect of n,n diphenylthiourea and p-phenylenediamine as

corrosion inhibitor for low carbon steel in 1 M sulphuric and

0.5 M hydrochloric acid.

Experimental procedure

Material specimen

Low carbon steel obtained commercially and analysed at the

Advanced Materials and Tribo-Corrosion Research Labora-

tory, Department ofChemical andMetallurgical Engineering,

Tshwane University of Technology, South Africa, gave a

percentage weight composition of 0.401 % C, 0.169 % Si,

0.440 % Mn, 0.005 % P, 0.012 % S, 0.080 % Cu, 0.008 %

Ni, 0.025 % Al, with the rest composed of Fe. The specimen

dimension is cylindrical with 14 mm diameter.

Inhibiting compound

Combined mixture of n,n diphenylthiourea and p-

phenylenediamine in equal proportions resulting in a whitish,

solid powder (TPD) is the inhibitor used. n,n Diphenylth-

ioureawas obtained fromSigma-Aldrich, St. Louis, USA, and

p-phenylenediamine was obtained from Merck Chemical,

Germany. The structural formula of n,n diphenylthiourea is

shown in Fig. 1a, the molecular formula is C13H12N2S, while

the molar mass is 228.312 g/mol. The molecular formula p-

phenylenediamine is C6H4(NH2)2, while the molar mass is

108.1 g/mol. The chemical structure is shown in Fig. 1b. TPD

was prepared in molar concentrations of 0.0037, 0.0074,

0.0112, 0.0149, 0.0186 and 0.0223, respectively.

Test solution

1 M HCl acid and 0.5 M H2SO4, both with 2 % recrys-

tallized NaCl of Analar grade, were used as the corrosion

test solution.

Preparation of low carbon steels

The low carbon steel (14 mm diameter) was machined

into predetermined dimensions with an average length of

10 mm. The exposed ends of each steel were metallo-

graphically prepared with silicon carbide abrasive papers

of 80, 120, 220, 800 and 1000 grits, washed with dis-

tilled water, rinsed with acetone, dried and stored in a

dessicator for coupon analysis and potentiodynamic

polarization.

Weight-loss experiments

Carbon steel samples were each immersed in 200 ml of the

acid solutions (1 M HCl and 0.5 M H2SO4) at predeter-

mined molar concentrations of the organic mixture (TPD

for 240 h at 25 �C ambient temperature). Each sample was

taken out every 48 h, washed with distilled water, rinsed

with acetone, dried and re-weighed. Graphical plots of

inhibition efficiency (g) versus exposure time (h) (Figs. 2,

3) for the test media were made from the obtained data

(Table 1).

The corrosion rate (C) is determined from the equation

below:

R ¼ 87:6M

DAT

� �
ð1Þ

M is the weight loss (mg), D is the density (g/cm2), A is the

surface area in cm2, and T is the exposure time (h). The g
was calculated from the equation below.

g ¼ C1 � C2

C1

� �
� 100 ð2Þ

where C1 and C2 are the corrosion rates with and without of

predetermined concentration of TPD. The surface coverage

is calculated from the equation below:

Fig. 1 a Chemical structure of n,n diphenylthiourea, b chemical

structure of 1,4-diaminobenzene
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h ¼ 1�M2

M1

� �
ð3Þ

where h is the quantity of TPD adsorbed per gram (or

kg) of the steel surface. M1 and M2 are the weight loss

of carbon steel specimen in the free and inhibited test

media.

Potentiodynamic polarization

Potentiodynamic polarization tests were performed with

the aid of cylindrical steel samples embedded in resin

mounts with exposed surface of 154 mm2. The working

electrodes were polished with differential grades of silicon

carbide paper, rinsed with distilled water and dried with
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Table 1 Data obtained from weight loss analysis for low carbon steel in 0.5 M H2SO4 in (0.0037–0.0223 M) TPD at 240 h

Samples Weight

loss (g)

Corrosion rate

(mm/year)

Inhibition efficiency

(%)

TPD concentration

(%)

Surface coverage

(h)
TPD concentration

(mol/L)

A 2.498 70.556 0 0 0 0

B 0.422 11.459 83.12 0.0025 0.8312 0.0037

C 0.366 10.584 85.35 0.005 0.8535 0.0074

D 0.334 9.342 86.62 0.0075 0.8662 0.0111

E 0.314 9.090 87.41 0.01 0.8741 0.0149

F 0.308 8.797 87.69 0.0125 0.8769 0.0186

G 0.295 8.096 88.18 0.015 0.8818 0.0223
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acetone. Polarization tests were performed at ambient

temperature of 25 �C with Digi-Ivy potentiostat. A plat-

inum rod was used as the counter electrode and silver

chloride electrode (Ag/AgCl) with pH of 6.5 was used as

the reference electrode. The potentials were scanned from

-1.5 to ?1.5 V at a scan rate of 0.002 V/s. The corrosion

current (icorr), corrosion current density (Icorr) and corrosion

potential (Ecorr) were determined from the Tafel plots of

potential versus log Icorr. The corrosion rate (R), the degree

of surface coverage (h) and the percentage inhibition effi-

ciency (%IE) were calculated from the equation below:

R ¼ 0:00327� Icorr � Eq

D
ð4Þ

where Icorr is the current density (lA/cm2), D is the density

(g/cm3), Eq is the specimen equivalent weight (g).

The percentage inhibition efficiency (g) was calculated
from the corrosion rate with the equation below:

g ¼ 1� C2

C1

� �
� 100 ð5Þ

C1 and C2 are the corrosion rates in the absence and

presence of TPD, respectively.

Optical microscopy characterization

The surface morphology of the inhibited and non-inhibited

steel samples was further studied after weight-loss analysis

with the aid of Nikon Eclipse LV 150 optical microscope

for which micrographs were taken.

X-Ray diffraction analysis

X-ray diffraction (XRD) patterns of the film formed on the

metal surface with and without TPD addition were anal-

ysed using a PANalytical X’Pert Pro powder diffractometer

in h–h configuration with an X’Celerator detector and

variable divergence and fixed receiving slits with Fe-fil-

tered Co-Ka radiation (k = 1.789 Å). The phases were

identified using X’Pert Highscore plus software.

Results and discussion

Weight-loss measurements

Weight loss of low carbon steel during the exposure hours,

with and without TPD additions in 0.5 M H2SO4 and 1 M

HCl acid at 25 �C, was evaluated. The calculated values of

weight loss (M), corrosion rate (C), surface coverage (h)
and the percentage inhibition efficiency (g) are presented in
Tables 1, 2. Figures 2 and 3 show the graphical plot of

corrosion rate and g versus exposure time at predetermined

concentrations of TPD in H2SO4, while Figs. 4 and 5 show

the variation of corrosion rate and g with exposure time in

1 M HCl. In Fig. 2, the corrosion rate values of samples in

0 M TPD acid solution were significantly high throughout

the experimental evaluation period with slight decrease

until 68-h exposure time where the corrosion rate was

generally constant. This slightly contrasts the corrosion rate

values in Fig. 4 for samples in 0 M TPD HCl solution

where the corrosion rates though very high throughout the

exposure period declined progressively. The high corrosion

rates in both solutions are due to the corrosive nature of the

reactive species in the acid media which rapidly destroys

the steel interfacial properties and substrate metal.

Addition of specific concentrations of TPD

(0.0037–0.0223 M) in both acids (1 M HCl and 0.5 M

H2SO4) significantly decreased the corrosion rates; how-

ever, the corrosion rate values are much lower in 0.5 M

H2SO4 than 1 M HCl. The g values are proportional to the

corrosion rates. In 0.5 M H2SO4, the g increased from

generally low percentage to very high values with time; the

high values are associated with effective inhibition and

protection of the steel, indicating the time-dependent

effective inhibition performance of TPD in 0.5 M H2SO4.

In 1 M HCl solution, the inhibition efficiency was gener-

ally high from the onset showing the time-independent

characteristics of TPD inhibition performance in 1 M HCl.

At 240-h exposure time, the corrosion data in Tables 1 and

2 show an inhibiting compound that effectively inhibits

corrosion of the steel sample through adsorption onto the

Table 2 Data obtained from weight loss analysis for low carbon steel in 1 M HCl in (0.0037–0.0223 M) TPD at 240 h

Samples Weight loss

(g)

Corrosion rate

(mm/year)

Inhibition efficiency

(%)

TPD concentration

(%)

Surface coverage

(h)
TPD concentration

(mol/L)

A 3.488 126.60 0 0 0 0

B 0.559 15.97 83.97 0.0025 0.8397 0.0037

C 0.317 8.32 90.92 0.005 0.9092 0.0074

D 0.341 8.83 90.23 0.0075 0.9023 0.0111

E 0.471 12.38 86.50 0.01 0.8650 0.0149

F 0.363 11.74 89.59 0.0125 0.8959 0.0186

G 0.439 12.10 87.42 0.015 0.8742 0.0223
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steel surface forming a protective covering through

chemical reactions with the ionized steel surface [24]. TPD

inhibits the redox reaction processes responsible for cor-

rosion due to donor acceptor interactions between the pi-

electrons of the heteroatoms and the vacant d orbital of

steel surface atoms [25]. The electrochemical reactions are

stifled over the active sites of the metal/solution interface

due to the electrolytic action of TPD molecules.

Potentiodynamic polarization

The polarization data for the electrochemical influence of

TPD on the corrosion behaviour of low carbon steel in

0.5 M H2SO4 and 1 M HCl are shown in Tables 3 and 4,

while the polarization plots are shown in Figs. 6 and 7.

Observation of Table 3 shows the progressive decrease in

corrosion rate with increase in TPD concentration. At the

highest concentration of 0.0223 M TPD, the corrosion

rate is the lowest with the value of 0.344 mm/year and

inhibitor efficiency is the highest at 93.88 %. This shows

that the performance of TPD is subject to the inhibitor

concentration as observed from the previous discussion

on weight loss. The corrosion potential varied differen-

tially, tending towards cathodic and anodic inhibition

potentials from -0.380 V (0 M TPD). This depicts the

influence of TPD on inhibiting the anodic dissolution

process and hydrogen evolution reactions. The influence

of TPD on the steel corrosion rates in 1 M HCl is sig-

nificantly smaller than in 0.5 M H2SO4 as shown in

Table 4. Comparison of the corrosion rates shows the

remarkable difference in values between Tables 3, 4. The

corrosion rates are generally higher in 1 M HCl com-

pared to 0.5 M H2SO4, though the rates significantly

reduce in the presence of TPD in 1 M HCl, and it

increased minimally with increase in TPD concentration

before reducing slightly after 0.0149 M TPD. The cor-

rosion potentials in 1 M HCl displayed similar electro-

chemical behaviour with the values in 0.5 M H2SO4. The

polarization behaviours in both acid solutions are gener-

ally the same.

Study of previous research on p-phenylenediamine in

HCl and H2SO4 shows that desorption occurs at very low
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and higher concentrations of the organic compound due to

lateral repulsion between the inhibitor molecules which

results in weak inhibitor covering over the steel surface and

hence significant increase in corrosion rate. Observation of

data from unpublished research identifies similar phe-

nomenon for n,n diphenylthiourea in HCl. The combined

action/synergistic effect of the compounds in TPD dis-

played remarkable improvement in corrosion inhibition

and inhibition efficiency [26, 27].

Inhibition mechanism

The classification of an organic compound as anodic- or

cathodic-type inhibitor depends on the displacement of the

corrosion potential values within and beyond 85 mV in the

anodic or cathodic direction [28, 29]. The maximum dis-

placement value in 0.5 M H2SO4 is 73 mV in the anodic

direction and 17 mV in the anodic direction for 1 M HCl,

and thus in 0.5 M H2SO4 and 1 M HCl, TPD can be

Table 3 Potentiodynamic polarization data for low carbon steel in 0.5 M H2SO4 at 0.0037–0.0223 M TPD

TPD

concentration

(mol/L)

Corrosion

rate

(mm/year)

Corrosion

potential (V)

Cathodic

slope

(A/V)

Anodic

slope

(A/V)

Polarization

resistance (X)
Corrosion

current (A)

Corrosion current

density (A/cm2)

Inhibition

efficiency

(%)

0 M 5.631 -0.380 -7.055 7.44 34.42 7.47E-04 4.85E-04 0

0.0037 M 0.959 -0.392 -7.821 14.20 201.99 1.27E-04 8.26E-05 82.93

0.0074 M 0.594 -0.385 -7.815 13.46 326.05 7.88E-05 5.12E-05 89.42

0.0111 M 0.645 -0.346 -6.521 16.80 300.50 8.55E-05 5.55E-05 88.53

0.0149 M 0.479 -0.379 -7.902 15.12 404.61 6.35E-05 4.12E-05 91.48

0.0186 M 0.532 -0.374 -7.005 13.01 364.44 7.05E-05 4.58E-05 90.54

0.0223 M 0.344 -0.317 -8.697 9.73 563.44 4.56E-05 2.96E-05 93.88

Table 4 Potentiodynamic polarization data for low carbon steel in 0.5 M HCl at 0.0037–0.0223 M TPD

TPD

concentration

(mol/L)

Corrosion

rate

(mm/year)

Corrosion

potential (V)

Cathodic

slope

(A/V)

Anodic

slope

(A/V)

Polarization

resistance (X)
Corrosion

current (A)

Corrosion current

density (A/cm2)

Inhibition

efficiency

(%)

0 M 5.646 -0.386 -7.243 2.966 34.26 7.50E-04 4.87E-04 0

0.0037 M 2.201 -0.381 -7.842 13.140 250.99 1.02E-04 6.65E-05 84.86

0.0074 M 2.501 -0.387 -8.512 11.120 355.98 7.22E-05 4.69E-05 89.33

0.0111 M 2.525 -0.387 -8.100 12.530 243.85 1.05E-04 6.84E-05 84.42

0.0149 M 3.102 -0.381 -7.963 9.987 313.05 8.21E-05 5.33E-05 87.86

0.0186 M 2.256 -0.370 -7.580 10.110 214.72 1.20E-04 7.77E-05 82.30

0.0223 M 2.687 -0.385 -7.719 12.450 295.76 8.69E-05 5.64E-05 87.15
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classified as mixed-type inhibitor with cathodic and anodic

inhibiting characteristics. TPD has strong influence on the

entire electrochemical process as the polarization resis-

tance in Tables 3 and 4 increases with increase in inhibi-

tion efficiency till the maximum studied concentration.

Organic compounds inhibit through surface coverage and

adsorption which stifles the redox electrochemical process.

The amines functional groups in TPD are nucleophiles that

form a variety of electrophilic compounds due to the basic

functionality of their nitrogen atoms and the electrophilic

substitutions [30–32]. The unshared electron pair of the

nitrogen atom forms a coordinate bond with a proton

released from the ionized atoms at the steel surface.

Amines from TPD react with acids to give salts and the

valence steel electrons to produce chemical complexes

responsible for the compact impenetrable barrier which

strongly adsorbs to the steel and inhibits corrosion. The

adsorption, however, may be considered to be due to

physical and chemical reactions. The hydrophilic nature of

protonated TPD functional groups and heteroatoms with

their hydrophobic substituent (thiol) conforms the inhibitor

molecules during adsorption process to form a poly-

molecular barrier layer that reliably screens the metal from

the corrosive medium. The thiol molecules form a

monomolecular layer by means of their strong affinity to

metal and their self-assembly ability due to hydrophobic

interaction.

Adsorption isotherm

The mechanism of corrosion process can be further anal-

ysed on the support of adsorption behaviour of the TPD

inhibitor on the steel surface. Adsorption isotherms are

very important in determining the nature of organometallic

interactions [33, 34]. Adsorption of TPD at the metal/so-

lution interface is due to the chemical bonding through

chemisorption mechanism between the inhibitor and the

valence atoms at the metal surface. Langmuir and Frumkin

adsorption isotherms were applied to describe the adsorp-

tion mechanism in the acid solutions, as they provided the

best fits.

The isotherms are of the general form:

f h; xð Þ exp �2ahð Þ ¼ KC ð6Þ

where f(h, x) is the configuration factor which depends

upon the physical model and assumptions, the basis for the

derivative of the isotherm, h is the surface coverage, C is

the inhibitor concentration, x is the size ration, ‘‘a’’ is the

molecular interaction parameter and K is the equilibrium

constant of adsorption process.

The general equation for Langmuir isotherm is,

h
1� h

� �
¼ KadsC ð7Þ

and rearranging

KadsC ¼ h
1þ Kadsh

� �
ð8Þ

where Kads is the equilibrium constant of the adsorption

process. The plots of TPD concentration/h versus the TPD

concentration for carbon steel in 0.5 M H2SO4 and 1 MHCl

are continuous (Figs. 8, 9) indicating the Langmuir adsorp-

tion. The divergence of the slope in Fig. 8 from unity is as a

result of the electrochemical interaction among the adsorbed

TTD cations on the metal surface and changes in the values

of Gibbs free energy with increase in surface coverage.
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Langmuir isotherm states the following: the metal sur-

face has a definite proportion of adsorption sites with one

adsorbate and Gibbs free energy of adsorption has the same

value for the sites, independent of the value of surface

coverage [35].

Frumkin isotherm postulates unit coverage at high TPD

concentrations and the alloy surface is not homogeneous,

i.e. the effect of lateral interaction is significant. Only the

active sites of the metal surface where adsorption occurs

are considered. The mathematical expressions of Frumkin

adsorption isotherm is

log½C � ðh=1� hÞ� ¼ 2:303 logK þ 2ah ð9Þ
KC ¼ h=1� hð Þ exp h=1� hð Þ ð10Þ

where K is the equilibrium constant of adsorption and a is

the lateral interaction term describing the interaction

between the adsorbed TPD molecules. Graphical plots of

h/1 - h versus TPD concentration presented in Figs. 9 and

10 are continuous. The values of lateral interaction

parameter are shown in Table 5. Increase in TPD con-

centration and surface coverage results in decrease in the

lateral interaction term (a), suggesting that the inhibitor

stifles the electrochemical process responsible for corrosion

through adsorption on active sites on the steel surface. The

‘‘a’’ values show that the attraction between TTD mole-

cules is weak.

Thermodynamics of the corrosion inhibition

mechanism

Gibbs free energy (DGads) (Table 6) for the TPD corrosion

inhibition was evaluated from the equilibrium constant of

adsorption according to the equation.

DGads ¼ �2:303RT log 55:5Kads½ � ð11Þ

where 55.5 is the molar concentration of water in the

solution, R is the universal gas constant, T is the absolute

temperature and Kads is the equilibrium constant of

y = 1.1198x + 4E-07
R² = 1

0.0E+00

5.0E-06

1.0E-05

1.5E-05

2.0E-05

2.5E-05

3.0E-05

0 0.000005 0.00001 0.000015 0.00002 0.000025

TP
D 

Co
nc

en
tr

a�
on

 (m
ol

/L
)/

TPD Concentra�on (mol/L)

Fig. 8 Plots of TPD

concentration/h and TPD

concentration for 0.5 M H2SO4
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adsorption. Kads is related to surface coverage (h) by the

following Eq. (8).

The DGads data values in Tables 6 and 7 vary with

change in inhibitor concentration, and this supports the

Langmuir model due to the nonhomogeneous nature of the

metal surface such as microscopic voids, non-metallic

inclusion, and impurities. Conventionally, values of DGads

of around -20 kJ/mol or below depict physisorption

reactions and values of about -40 kJ/mol or above involve

chemical reactions associated with chemisorption mecha-

nism which tends to be more sustainable in corrosion

inhibition than physisorption. The value of DGads for the

carbon steel in 0.5 M H2SO4 (Table 6) shows chemisorp-

tion of TPD on the steel surface; in 1 M HCl (Table 7), the

DGads values show physiochemical (physisorption as well

as chemisorption) adsorption mechanism. The negative

values of DGads show that TTD adsorption on the metal

surface is spontaneous [35–38].

X-Ray diffraction analysis

X-ray diffraction (XRD) patterns of the carbon steel sur-

face which gives qualitative information about the possible

phases present before and after the corrosion test in 0.5 M

H2SO4 and 1 M HCl solutions with TPD inhibitor are

shown in Fig. 11. The peak values at 2h values showed the

presence of iron and carbon only on the steel surface.

Observation of the diffraction peaks for the inhibited

showed the absence of iron oxides and chemical

y = 131088x + 4.7544
R² = 0.9348
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Fig. 10 Plots of (h/1 - h) and
TPD concentration in 1 M HCl

Table 5 Relationship between lateral interaction parameter, surface

coverage and TPD concentration from Frumkin adsorption isotherm

Lateral

interaction

(a)

Equilibrium constant

of adsorption (K)

Surface

coverage

(h)

TPD

concentration

(mol/L)

-10.14 181969.17 0.8312 0.003715

-9.88 266194.77 0.8535 0.007431

-9.80 376806.42 0.8662 0.011146

-9.77 485401.77 0.8741 0.014861

-9.67 476025.26 0.8769 0.018576

-9.67 581038.31 0.8818 0.022292

Table 6 Data of Gibbs free energy, TPD concentration and inhibition

efficiency for 0.5 M H2SO4

TPD concentration

(mol/L)

Inhibition efficiency

(%)

Gibbs free energy

(DGads)

0.0037 83.12 -44.88

0.0074 85.35 -43.59

0.0111 86.62 -42.84

0.0149 87.41 -42.30

0.0186 87.69 -41.81

0.0223 88.18 -41.48

Table 7 Data of Gibbs free energy, TPD concentration and inhibition

efficiency for 0.5 M HCl

TPD concentration

(mol/L)

Inhibition efficiency

(%)

Gibbs free energy

(DGads)

0.0037 83.97 -35.09

0.0074 90.92 -34.98

0.0111 90.23 -33.77

0.0149 86.50 -32.15

0.0186 89.59 -32.33

0.0223 87.42 -31.35
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compounds associated with corrosion, further proving the

inhibition to be due to the electrochemical action of the

functional groups of TPD and selective adsorption onto the

steel

Optical microscopy analysis

The optical microscopy images of the carbon steel surfaces

before and after immersion in the acid media, without the

addition of TTD, are given in Fig. 12a–c. Figure 12a

shows the steel sample before immersion, and the serrated

surface is due to machining during sample preparation.

Figure 12b, c shows the steel surfaces after 240 h of

immersion in 0.5 M H2SO4 and 1 M HCl without TTD

addition. In Fig. 12b, c, the images reveal a rough surface

due to corrosion and anodic oxidation resulting from the

action of SO4
2- and Cl- ions in the acid solution. The

chloride ions accelerate the hydrolysis and diffusion of

ionized atoms of Fe, causing rapid corrosion and deterio-

ration of the steel sample.

The surface topography of the carbon steel (Fig. 12d, e)

is as a result of the presence of TPD in the acid solution

compared with the control and uninhibited sample. The

effectiveness of the protective film is clearly visible on the

images. Precipitates form on the steel surface, coating the

steel from corrosion and producing the micrographs below.

The selective precipitation of TPD on the surface is clearly

visible on the images after the electrochemical tests due to

the strong adsorption of its molecules through electrolytic

diffusion and electrostatic attraction onto the surface of the

steel, displacing the corrosive anions through the formation

of a stronger bond with the charged surface atoms of the

steel. The protective film of TPD formed on the specimen

surface exhibited good inhibition performance for the

corrosion of carbon steel in the acid solutions and the

observation is in good agreement with the weight loss and

electrochemical experiments.

Conclusions

The corrosion inhibition performance of the synergistic

effect of p-phenylenediamine and n,n diphenylthiourea

(TPD) on mild steel in the acid solutions showed excellent

results. The corrosion rate reduced sharply with TPD

Fig. 11 XRD pattern of low carbon steel after immersion in 0.5 M H2SO4 and in 1 M HCl with TPD addition
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addition from lowest to highest concentration, significantly

influencing the interfacial redox electrochemical process

responsible for corrosion through adsorption on the steel

surface. Mixed inhibition behaviour was observed from the

corrosion potential values of the potentiodynamic analysis.

Optical microscopy characterization shows the change on

the surface topography and morphology of the steel surface

between the inhibited and uninhibited steel samples.

Fig. 12 Optical microscopy images at x50 of low carbon steel: a before immersion, b after immersion in 0.5 M H2SO4, c after immersion in

0.5 M HCl, d after immersion in 0.5 M H2SO4 ? TTD inhibitor, e after immersion in 0.5 M HCl ? TTD inhibitor
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