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Corrosion of X80 steel was investigated in simulated acidizing fluids containing different concentrations
of 3-(2-chloro-5,6-dihydrobenzo[b][1]benzazepin-11-yl)-N,N-dimethylpropan-1-amine (3CDA) at differ-
ent temperatures using weight loss and electrochemical techniques. X80 steel used corroded at higher
rates in the uninhibited acid solution than in the inhibited solutions. Inhibition efficiency of 3CDA was
highest (88.8%) at 10 � 10�5 M concentration at 30 �C and decreased as temperature decreased. Some
intensifiers were added to improve the inhibition efficiency at high temperatures. The 3CDA acts as
mixed type inhibitor and adsorbs spontaneously on steel surface by physical and chemical interactive
forces. Techniques such as FTIR, SEM and EDAX were also employed to characterize the potential of
3CDA as efficient steel corrosion inhibitor for oilfield application.
� 2017 The Authors. Production and hosting by Elsevier B.V. on behalf of King Saud University. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

The choice of materials for construction of pipelines, liners, cas-
ing strings and tubing is important in the oil and gas industry. Fac-
tors such as cost, metallurgical issues and corrosion resistance are
usually considered. Owing to its mechanical strength, steel is the
most reliable metal used for construction of these materials. To
achieve other desired properties such as resistance to corrosion
and reduced weight, trace amounts of other elements like chro-
mium, sulphur, phosphorus, and manganese can be added to iron
to obtain steel of different grades. Such steel grades like API 5L
X70, X80, X60, X65, X52 and X42 have now been extensively pre-
ferred for line pipe applications (Heidersbach, 2010; Kennedy,
1993; Siciliano et al., 2008). Others include API-5CT J55, J55N,
N80-P110 and K55 for welded casing and tubing pipes and low car-
bon steel or mild steel for pipework and storage facility construc-
tion (Smith, 1999; Ueda et al., 2000). The difference in the relative
amounts of elements used to fabricate the alloys determines the
difference in their properties (Nešić, 2007). However, these alloys
still corrode or fail and may require replacement or maintenance,
which could warrant shutting down of plant, down production
time and other risks which no industry would like to take
(Azevedo, 2007; Kermani and Harr, 2008).

It is not possible to recover hydrocarbons from wells indefi-
nitely because, in future, the well may loose its natural pressure.
When this happens, it is more economical to apply chemistry
knowledge to maintain production than to abandon the well and
drill new ones. The knowledge commonly applied include acidiz-
ing, fracturing, flooding and other secondary and enhanced oil
recovery operations. Acidizing is a common practice, in which acid
(usually HCl) is forced into the well through its bore to either to
clean/descale the steel pipe work or to dissolve formation rocks
and create new channels for oil to flow out (Ituen et al., 2016a,b).
Hydrochloric acid concentration of about 5–15% is frequently used
depending on the type of acidizing operation involved (Finšgar and
Jackson, 2014). Since HCl in both is very corrosive, its contact with
the steel pipe works generates corrosion problems. Thus, corrosion
is a major global challenge to the petroleum industry. Its conse-
quences include spills, materials failure, loss of integrity of materi-
als and flow problems. Production cost may also increase if there is
need to clean/remediate the environment due to spillage. It is
easier and simpler to add small amounts of corrosion inhibitors
to the acidizing fluid to reduce corrosion rate and increase materi-
als longevity.
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Fig. 1. Molecular structure of 3-(2-chloro-5,6-dihydrobenzo[b][1]benzazepin-11-
yl)-N,N-dimethylpropan-1-amine.
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Most oilfield corrosion inhibitors are derived from organic com-
pounds containing electron rich atoms sites (such as nitrogen, oxy-
gen, multiple bonds and aromatic or heterocyclic rings) in their
molecular structures (Finšgar and Jackson, 2014). These are
regarded as potential active sites for adsorption on metal surface
and interaction with low lying metal vacant orbitals leading to for-
mation of thin protective film on the metal surface (Muralisankar
et al., 2017). Many efficient organic corrosion inhibitors reported
in literature are either toxic or very expensive. Therefore, in search
for non-toxic and cheap corrosion inhibitors, scientists have tried
plants materials (Alaneme et al., 2016; Bammou et al., 2014;
Hussin et al., 2016; Jokar et al., 2016; Rajeswari et al., 2014) and
some non-toxic organic compounds (Barouni et al., 2008; Fouda
et al., 2011; Ituen et al., 2016a,b; Müller, 2002; Sathiyabama and
Rajendran, 2012) but some of them are inefficient at high (down-
hole) temperatures.

In the present study, 3-(2-chloro-5,6-dihydrobenzo[b][1]benza
zepin-11-yl)-N,N-dimethylpropan-1-amine (3CDA) is being inves-
tigated as alternative corrosion inhibitor for mild steel in HCl. It
is a non-toxic and cheap compound, also called clomipramine,
which has been isolated and characterized from Griffonia simplici-
folia seed extracts (Adotey, 2009). It has been reported as an active
drug for treatment of obsessive-compulsive disorder, depression,
cataplexy and phobias (Kellner, 2010; Pittenger et al., 2005;
Schachter and Parkes, 1980) without potential danger to health.
We were motivated to investigate 3CDA because there are poten-
tial active sites in its molecular structure (see Fig. 1), it is non-
toxic and it has not been reported as corrosion inhibitor for X80
steel in HCl. The acidizing solution is simulated in the laboratory
using HCl of different concentrations (3.7% and 15%), which fall
within the range of concentrations usually encountered in the
field[10]. Some intensifiers are blended with 3CDA to improve its
efficiency at high temperature. X80 steel is used in this study
because it is widely used for construction of casings, tubing and
large-diameter high strength pipelines (Witek, 2015).
2. Experimental

2.1. Reagents and preparation

Analytical grade (37%) HCl supplied by BDH, England was used
in this study. It was diluted to concentrations of 1 M (3.7%) and
4.4 M (15%) using double-distilled water. Powdered industrial
grade 3-(2-chloro-5,6-dihydrobenzo[b][1]benzazepin-11-yl)-N,N-
dimethylpropan-1-amine was supplied by Meryers Co. Ltd., China
and was used as supplied to prepare different concentrations of
3CDA (1 � 10�5, 3 � 10�5, 5 � 10�5, 8 � 10�5 and 10 � 10�5 M) in
acid solutions. The compounds used as intensifiers are Analar
grade potassium chloride, (KI) supplied by Meyer Chemical Tech-
nology Co. Ltd. China; Analar grades of sodium gluconate (NaG)
and Glutathione (GLU) supplied by Wuhan Yuancheng Gong-
chuang Technology Co. Ltd. China; and industrial grade polyethy-
lene glycol (PEG, M.wt 4000) supplied by Richest group Ltd.,
China. They were each prepared (as supplied) into concentration
was 1 � 10�6 M and blended with 3CDA at the ratio 1:1 in the HCl.

2.2. Steel specimens and surface finishing

The composition of X80 steel used was C (0.065), Si (0.24), Mn
(1.58), P (0.011), S (0.003), Cu (0.01), Cr (0.022), Nb (0.057), V
(0.005), Ti (0.024), B (0.0006), Fe (balance). The coupons (dimen-
sion 2 cm � 2 cm) were supplied by supplied by Qingdao Tengxi-
ang Instrument and Equipment Co. Ltd., China. The surface was
prepared following NACE Recommended Practice RP-0775 and
ASTM G-1 & G-4 for surface finishing and cleaning of weight-loss
coupons. Other coupons were abraded to mirror surface using
CC-22F P2000 grade and 1 cm2 of the surface area was exposed
for electrochemical studies. Coupons for SEM/EDAX tests were of
dimensions 2 cm � 1 cm. Prepared specimens were enclosed in
sealed water-proof bags and stored in moisture free desiccator
prior to use.

2.3. Weight loss tests

The ASTM standard procedures for weight loss measurement
were followed (Ahmad, 2006). Immersion time of the pre-
weighed coupons in all test solutions was five hours. The experi-
ments were carried out at different temperatures (i.e. 30, 45, 60,
75 and 90 �C) maintained using a water bath. The corroded cou-
pons were retrieved, washed in 20% NaOH solution containing
about 200 g/L of zinc dust until clean, dried in air after rinsing in
acetone and reweighed. Triplicate measurements were taken per
test solution and the average weight loss (Dwave) was calculated.
Corrosion rate (CR) of iron, percentage inhibition efficiency (DWL)
and degree of surface coverage (h), were calculated using Eqs.
(1)–(3) respectively.

CR ¼ 87:6Dwave

qAt
ð1Þ

eWL ¼ 100
Rb � Ri

Rb

� �
ð2Þ

h ¼ 0:01einh ð3Þ
where CRb and CRi are the corrosion rates (cmh�1) in the absence
and presence of the inhibitor, q is the density of iron, A is the aver-
age surface area (cm2) of the metal specimens and t is the immer-
sion time (h). The CR values obtained were converted to mmpy
units as described in literature (Ahmad, 2006). This procedure
was repeated at 45, 60, 75 and 90 �C.

2.4. Electrochemical tests

The usual three electrode set up comprising of saturated calo-
mel electrode (SCE) as reference electrode, platinum as counter
electrode and the X80 steel as working electrode was used. Gamry
Reference 600-18042/ZRA Potentiostat/Galvanostat was used for
all electrochemical tests. The system was allowed to attain steady
open circuit potential (OCP) between 0 and 1800 s before measure-
ments were made. EIS was conducted at frequency of 10 kHz to 10
mHz at 30 �C. Polarization measurements was conducted between
�0.15 V and +0.15 V vs. EOC at scan rate of 0.2 mV/s (Rajeswari
et al., 2014). Experiments were conducted in 1 M HCl without
and containing 1 � 10�5, 5 � 10�5 and 10 � 10�5 M 3CDA. The data
generated were analyzed using E-Chem Analyst software. Nyquist
plots were constructed and charge transfer resistances were
obtained from analysis of the curves. Values of charge transfer
resistances obtained were used to compute the inhibition
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efficiency according to Eq. (4). Double layer capacitance ðCdlÞ of the
adsorbed film was calculated from constant phase element (CPE)
constant (Yo) and charge transfer resistance (Rct) using Eq. (5). Cor-
rosion current densities were obtained from analyses of Tafel plots
and used to also calculate inhibition according to Eq. (6).

eEIS ¼ 100
RctI � RctB

RctI

� �
ð4Þ

Cdl ¼ ðY0R
n�1
ct Þ

1
n ð5Þ

ePD ¼ 100 1� Iicorr
Ibcorr

 !
ð6Þ

where RctB and RctI are charge transfer resistances in the absence and

presence of inhibitor respectively, Ibcorr and Iicorr are the corrosion cur-
rent densities in the absence and presence of the inhibitor respec-
tively, n is a constant showing degree of roughness of the metal

surface obtained from the phase angle given that ðj2 ¼ �1Þa and n
= 2a/(p).

2.5. FTIR study

FTIR spectrum of the pure 3-CDA and that of the surface film
formed on X80 steel surface after immersion (both mixed with
potassium bromide) were recorded using and TENSOR II FTIR
Spectrophotometer.

2.6. SEM/EDAX study

SEM morphologies of X80 steel surface were recorded in the
vacuum mode after immersion in 1 M HCl for 5 h and repeated
after steel immersion in 10 � 10�5 M 3CDA solution. Also, EDAX
profiles of the steel surface ab initio and the corrosion products
in the inhibited and uninhibited solutions were recorded.

3. Results and discussion

3.1. Weight loss measurement

The weight loss technique has been regarded as the most reli-
able method to simulate corrosion of metals and estimate the effi-
ciency of corrosion inhibitors Ahmad, 2006). This is because with
weight loss technique, it is simple and more accurate to determine
the amount of metal lost to the acidizing fluid as a function of time,
described as corrosion rate. The corrosion rate of X80 steel
obtained is high in the free acid solution, but decreases on addition
of 3CDA, depending on its concentration. Results presented in
Table 1 show that addition of higher concentration of 3CDA leads
to more decrease in corrosion rate of X80 steel. This demonstrates
that 3CDA inhibits X80 steel corrosion in all the acid solutions. The
efficiency of inhibition is higher when 3CDA concentration is
increased. However, at fixed 3CDA concentration, the efficiency
Table 1
Corrosion rate, Inhibition efficiency and degree of surface coverage results at 30 �C.

Conc. (M) 1 M HCl

CR (mmpy) eWL (%) h

0 39.45 –
1 � 10�5 8.99 77.2 0.8
3 � 10�5 8.17 79.3 0.8
5 � 10�5 6.63 83.2 0.9
8 � 10�5 5.92 85.0 0.9
10 � 10�5 4.42 88.8 0.8
decreases as the acidic fluid strength increases. For example,
10 � 10�5 M 3CDAis 88.8% and 74.8% efficient in 1 M HCl and
15% HCl respectively, representing about 15.8% decrease in effi-
ciency for about 340% increase in acid concentration. In oil and
gas production, 5% to 15% HCl is required for matrix and well bore
acidizing while 15% to 28% HCl is required for acid fracturing pro-
cedures (McLeod, 1989). It therefore follows that 3CDA will be
effective as a single corrosion inhibitor to an extent in the former
than the later. To improve the efficiency especially at HCl concen-
tration of 15% and above, the quantity or concentration of 3CDA
can be increased by taking into consideration that the amount of
inhibitor, Qi, required for a given acidizing fluid of volume, V, can
be estimated using Eq. (7) (Ahmad, 2006).

Qi ¼ VCix10
�6 ð7Þ

where Ci is the concentration of the inhibitor (ppm).

3.2. Effects of synergistic blends

Apart from increasing the concentration, Finsgar and Jackson
reported that many corrosion inhibitors can perform more effi-
ciently if blended with synergistic intensifiers (Finšgar and
Jackson, 2014). In this study, 10 � 10�5 M 3CDA is blended with
10 � 10�6 M of each of KI, PEG, NaG and GLU. The inhibition effi-
ciency increased to 92.8, 96.4, 90.1 and 98.3% in 1 M HCl and
88.6, 90.3, 78.1 and 91.4% in 15% HCl for (3CDA-KI), (3CDA-PEG),
(3CDA-NaG) and (3CDA-GLU) respectively as shown in Table 2.
Therefore, the additives increase 3CDA efficiency and afford effi-
cient anticorrosion oilfield chemical blends for the aggressive flu-
ids. The efficiency of 3CDA blends follow the trend (3CDA-GLU) >
(3CDA-PEG) > (3CDA-KI) > (3CDA-NaG).

3.3. Effect of temperature

The effectiveness of a corrosion inhibitor depends on the tem-
perature which the operation is carried out (Mahgoub et al.,
2011; Pal et al., 2016). Many rewarding pay zones are meters deep
with average geothermal gradient up to 25 �C/km (Akpabio et al.,
2003). This implies that down-hole temperature at a few kilome-
ters from the surface may exceed 80 �C. At this and higher temper-
atures, the acidizing fluid becomes more aggressive on the steel
surface so that the anticorrosive effect of the corrosion inhibitor
used declines. Therefore, many compounds that are efficient at sur-
face temperatures can be ineffective at down-hole temperatures.

In this study, the rates of corrosion of X80 steel in the absence
and presence of 3CDA were elucidated at 30–90 �C. It was observed
that corrosion rate of X80 steel increased as temperature increased.
The inhibition efficiency of a given concentration of 3CDA
decreases with increase in temperature. For instance, in 1 M HCl,
10 � 10�5 M 3CDA is 88.8% efficient at 30 �C and 72.5% efficient
at 90 �C. This efficiency decreases further in 15% HCl from 74.1%
at 30 �C to 57.2% at 90 �C. This demonstrates that 3CDA would
not perform well at high temperatures as a single inhibitor. There-
fore, the blends of 10 � 10�5 M 3CDA and KI, NaG, GLU and PEG
15% HCl

CR (mmpy) eWL (%) h

69.41 –
76 29.10 58.1 0.581
84 25.47 63.3 0.633
03 22.14 68.1 0.681
10 19.85 71.4 0.714
88 17.49 74.8 0.748



Table 2
Effects of synergistic additives on the inhibition efficiency of 3CDA at 30 �C.

Conc. (M) 1 M HCl 15% HCl

CR (mmpy) eWL (%) h CR (mmpy) eWL (%) h

10 � 10�5 3CDA 4.42 88.8 0.888 17.49 74.8 0.748
3CDA-NaG 3.90 90.1 0.901 15.20 78.1 0.781
3CDA-KI 2.84 92.8 0.928 7.91 88.6 0.886
3CDA-PEG 1.42 96.4 0.964 6.73 90.3 0.903
3CDA-GLU 0.67 98.3 0.983 5.97 91.5 0.915

Table 3
Effect of temperature on the performance of 3CDA and its synergistic blends.

Inhibition efficiency (%) in 1 M HCl Inhibition efficiency (%) in 15% HCl

T (�C) 3CDA only 3CDA-NaG 3CDA-KI 3CDA-PEG 3CDA-GLU 3CDA Only 3CDA-NaG 3CDA-KI 3CDA-PEG 3CDA-GLU

30 88.8 92.5 95.3 97.2 98.6 74.8 78.1 88.6 90.3 91.4
45 85.7 89.8 92.8 94.2 97.3 71.4 75.3 87.2 88.4 90.0
60 81.8 87.3 88.6 91.4 94.8 68.8 70.2 81.4 82.3 87.3
75 76.1 84.2 84.4 87.8 91.4 63.6 66.4 76.3 78.1 82.8
90 72.5 81.5 80.5 85.0 87.7 57.2 61.3 73.0 74.3 76.5
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were also tested that the same temperatures. Results show that at
90 �C for instance, the inhibition efficiency (%) of the blends are
80.5 (3CDA -KI), 81.5 (3CDA-NaG), 85.0 (3DA -PEG) and 87.7
(3CDA-GLU) in 1 M HCl. This implies that synergistic intensifica-
tion effect of the additives follows the trend GLU > PEG > NaG > KI
in 1 M HCl. However, in 15% HCl, the synergistic intensification fol-
lows a different trend as shown in Table 3. From this result, it can
be observed that blends of 3CDA could be more effective corrosion
inhibitors for high temperature acidizing procedure.
3.4. Adsorption studies

Most corrosion inhibitors are believed to function by adsorptive
binding on metal active sites by means of their active functional
groups. Such functional groups are usually electron rich sites like
nitrogen, oxygen, heteroatoms, aromatic or heterocyclic rings and
multiple bonds (Ituen et al., 2017). The adsorption could involve
physical interactive forces like columbic or electrostatic attrac-
tions, dipole interactions, ion-dipole interactions, etc. Such binding
forces are usually non-directional, non-stoichiometric, long-range
interactive forces. Sometimes, formal chemical bonds may be
formed between some sites in the inhibitor molecule and the metal
orbitals. This kind of bond is usually coordinate in character and
the adsorption behaviour is associated with chemical interactive
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Fig. 2. Temkin adsorption isotherm for 3CDA an
forces. To predict the nature of adsorptive interaction between
3CDA and X80 steel, the degree of surface coverage data were fitted
into adsorption isotherm models such as Langmuir, Temkin, El-
Awady et al., Freundlich, Frumkin and Flory–Huggins. Temkin
adsorption isotherm model (Fig. 2) gave the highest correlation
coefficient (R2) values and was used to describe the adsorption pro-
cess. The model is written as shown in Eq. (8) and can be linearized
to the form written in Eq. (9).

e�2ah ¼ KC ð8Þ
h ¼ � 1
2a

lnC � 1
2a

lnK ð9Þ

where a represents the molecular interaction parameter and K rep-
resents the inhibitor-metal binding constant. Associated adsorption
parameters obtained are listed in Table 4. The molecular interaction
parameter, depending on the sign, can be used to predict if the
interaction between inhibitor molecules in the adsorbed layer is
attraction or repulsion (Umoren, 2016). The binding constant
depicts the strength with which the inhibitor molecules are
adsorbed on the metal surface.

Slopes and intercepts of linear plots of h against lnC as shown in
Fig. 2 were used to deduce the values of a and K according to Eqs.
(10) and (11) respectively.
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d X80 in 1 M HCl and 15% HCl at 30–90 �C.



Table 4
Adsorption parameters obtained from Temkin adsorption isotherm for 3CDA and X80.

T (�C) 1 M HCl 15% HCl

a K (�105M�1) DGads (kJmol�1) a K (�105M�1) DGads (kJmol�1)

30 �4.59 1.60 �40.30 �2.96 0.43 �36.99
45 �4.91 1.99 �42.88 �2.78 0.29 �37.78
60 �4.67 0.99 �42.97 �2.55 0.18 �38.25
75 �4.76 0.71 �43.94 �2.69 0.16 �39.63
90 �6.72 0.44 �43.46 �2.78 0.12 �40.47
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a ¼ � 1
2slope

ð10Þ

K ¼ e
intercept
slope ð11Þ

Results reveal that there is repulsion in the adsorbed layer since
the values of a are all negative. Also, K values obtained decrease as
temperature increases, indicating that the inhibitor-metal binding
strength decreases as temperature increases, which implies that
inhibitor-steel interaction may be by physical adsorption mecha-
nism. However, the mechanism of adsorption is more reliably pre-
dicted from values of free energy change of adsorption (DGads)
which can be related with K according to Eq. (12).

DGads ¼ �RT lnð55:5KÞ ð12Þ
where R is the universal gas constant and T is the absolute temper-
ature. From literature, there are three ranges of DGads values namely
DGads > �20 kJmol�1, DGads < �40 kJmol�1 and �40 kJmol�1 �
DGads 6 �20 kJmol�1 corresponding to physical, chemical and
simultaneous physical and chemical adsorption mechanism (Pal
et al., 2016). Based on this, the values of DGads listed in Table 4 show
that the adsorption of 3CDA on X80 can be considered to be domi-
nated by chemical interactive forces in 1 M HCl and both physical
and chemical forces in 15% HCl.

3.5. Kinetic and thermodynamic assessment

Like in other chemical reactions, temperature is a major factor
that influences the rate at which a reaction proceeds. Some extrap-
olations were made from the Arrhenius model employed in chem-
ical reactions to describe the kinetics of corrosion of X80 steel in
the HCl. An exponential relationship between the corrosion rate
and temperature may be written as shown in Eq. (13).
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0.6
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Fig. 3. Arrhenius plot for the corrosion of X80 steel in 1 M and 1
logCR ¼ logA� Ea

2:303RT
ð13Þ

In the above equation, A is Arrhenius pre-exponential factor, R is
the universal gas constant and T is the absolute temperature. For
the acid molecules to corrode the X80 steel, they must effectively
collide on the steel surface. An effective collision would correspond
to a minimum energy called the activation energy (Ea). Corrosion
rate data were used to construct the Arrhenius plots shown in
Fig. 3 and the values of activation energy in absence and presence
of the inhibitor were deduced and shown in Table 5. The activation
energy is greater in the presence than absence of the inhibitor.
Since activation energy is a minimum energy barrier, the results
demonstrate that in the absence of the inhibitor, the acid mole-
cules require lower energy to attack the metal surface. Addition
of the inhibitor increases this energy barrier so that the acid mole-
cules cannot attack the surface as it would without the inhibitor.
This results in the inhibition of the corrosion process and in a
temperature-dependent manner.

The corrosion rate data at different temperatures were also
used to construct the transition state plot according to Eq. (14).
log
CR
T

� �
¼ log

R
Nh

� �
þ DS�

2:303R

� �� �� �
� DH�

2:303RT

� �
ð14Þ
whereN is the Avogadro’s constant, h is the Planck’s constant, R is the
universal gas constant, DH� is the enthalpy of activation, DS� is the
entropy of activation and T is the absolute temperature. Plots of log
(CR/T) against the reciprocal of temperature (Fig. 4) afforded associ-
ated parameters such as DH� and DS� presented in Table 5. Adsorp-
tion of 3CDA was exothermic judged from the negative values of
DH� obtained. The DS� values were all positive, showing that adsorp-
tion of 3CDA results in reduction of entropy of the bulk solution.
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Table 5
Activation parameters obtained for the corrosion of X80 steel in 1 M and 15% HCl without and with different concentrations of 3CDA.

Conc (M) 1 M HCl 15% HCl

Ea (kJmol�1) DH� (kJmol�1) DS� (kJmol�1) Ea (kJmol�1) DH� (kJmol�1) DS� (kJmol�1)

0 21.33 13.78 1.08 14.77 18.13 1.12
1 � 10�5 24.24 20.29 1.19 20.09 23.49 1.26
3 � 10�5 24.53 19.33 1.23 21.24 24.20 1.31
5 � 10�5 25.04 20.10 1.24 22.06 24.91 1.38
8 � 10�5 25.47 21.25 1.25 22.98 24.68 1.54
10 � 10�5 26.42 22.08 1.41 24.76 25.07 1.75
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Fig. 4. Transition state plot for the corrosion of X80 steel in 1 M and 15% HCl with and without different concentrations of 3CDA.
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3.6. Electrochemical impedance spectroscopy

Some of the parameters obtained from analyses of EIS data
using the equivalent circuit model embedded in Fig.5 are shown
in Table 6. The curves in the Nyquist plot (Fig. 5) are all depressed
and imperfectly semicircular in shape. They also have their centers
under the real impedance axis. This can be due to surface hetero-
geneity, roughness of the electrode at microscopic level and
adsorption of inhibitor on it (Umoren, 2016). Similarity in shape
of the curves observed with all the test solutions indicates that
the corrosion mechanism is the same regardless of the influence
of inhibitor. Rather, the presence of the inhibitor influences the
sizes of the diameters of the curves. The highest diameter is
obtained with 10 � 10�5 M 3CDAand gradually decreases as
3CDA concentration decreases, till the lowest is obtained with
200 400
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400
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im

g (
cm
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Z rea
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Fig. 5. Nyquist plot for (and equivalent circuit used in analyses of) corrosion o
the free acid. This indicates that addition of 3CDA influences the
corrosion rate of the steel by inhibition. The influence can be
regarded as being concentration dependent since the diameters
increase with increase in 3CDA concentration. This trend is also
consistent with the trend of charge transfer resistance values and
the corresponding inhibition efficiency calculated.

Increase in 3CDA concentration increases charge transfer resis-
tance, and hence, inhibitive effect. At the metal-solution interface,
an adsorbed layer of 3CDA molecules is formed. As inhibitor con-
centration increases, this adsorbed layer increases in thickness or
may be more than one molecule thick (multilayer). The electrical
double layer that is formed was considered as a capacitor and its
capacitive response was estimated in each solution. Double layer
capacitance (Cdl) computed for each of the systems decreases as
inhibitor concentration increases due to adsorption. This implies
600 800
 ( cm 2 )

  1 M HCl
  1x10 -5 M 3CDA
  5x10 -5 M 3CDA
  10x10 -5 M 3CDA

Key

f X80 steel in 1 M HCl without and with different concentration of 3CDA.



Table 6
Some EIS parameters obtained for the corrosion of X80 steel in I M HCl without and with different concentrations of 3CDA at 30 �C.

Solution concentration Rct Rs Yo n Cdl eEIS
ðXcm2Þ ðXcm2Þ ðlX�1sncm�2Þ ðlFcm�2Þ (%)

1 M HCl 31.8 1.063 206.4 0.787 12.6 –
1 � 10�5 M 3CDA 339.7 1.005 193.7 0.803 8.4 90.6
5 � 10�5 M 3CDA 531.1 0.921 127.6 0.813 4.2 94.0
10 � 10�5 M 3CDA 857.6 1.001 115.4 0.812 1.6 96.3
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that an ad Ecorr sorbed film of 3CDA molecules is formed and this
results in increases the local dielectric at the interface resulting
in decreased capacitive response ba (Jokar et al., 2016). The values
of n obtained are higher in the inhibited than free acid solution
which indicates that addition of 3CDA reduces surface roughness
of the electrode because of its adsorption and formation of protec-
tive film (Umoren, 2016).

3.7. Potentiodynamic polarization

Data obtained from potentiodynamic polarization (PDP) mea-
surements were used to construct Tafel plot which is shown in
Fig. 6. The corrosion potential (Ecorr) and the corresponding corro-
sion current density (Icorr) were deduced from the plots and listed
in Table 7. Also, Tafel anodic slope constant (ba), Tafel cathodic
slope constants (bc) and inhibition efficiency (ePD) were calculated
and listed in Table 7. The Ecorr values obtained in the presence of
the inhibitor are more positive than that of the free acid solution.
This implies that the inhibitor has influence on anodic half reaction
by suppressing the oxidation or corrosion of iron. In literature,
when the shift in Ecorr values is up to �85 mV, the inhibitor is clas-
sified as anodic or cathodic type inhibitor (Prajila et al., 2017). The
shift in Ecorr values obtained for 3CDAis �19 mV indicating that
3CDA acts as a mixed type inhibitor with anodic predominance
[38]. This inference is also supported by the trend of values of
and bc: there is higher deviations of ba in the presence of 3CDA
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Fig. 6. Tafel plots for the inhibition of X80 steel co

Table 7
Some electrochemical parameters obtained for the corrosion of X80 steel in 1 M HCl with

Solution Concentration Ecorr Icorr
(mV/SCE) (lA cm�2)

1 M HCl �510 693.7
1 � 10�5 M 3CDA �508 57.3
5 � 10�5 M 3CDA �503 42.6
10 � 10�5 M 3CDA �491 31.0
than bc , showing anodic predominance. Lower concentration
dependent corrosion current densities were obtained in the pres-
ence of 3CDA than in the free acid solution. This demonstrates that
adsorption of the inhibitor on the steel at the interface reduces cor-
rosion current. The inhibition efficiencies obtained using the Icorr
values increase as 3CDA concentration increases, and are compara-
ble to EIS results.
3.8. Functionality analyses

It is generally accepted that most corrosion inhibitors function
by adsorption on the metal surface by means of their active func-
tionalities. The active sites in 3CDA responsible for adsorption on
X80 steel surface was probed using FTIR spectroscopy. Results
show that some peaks were very prominent in the spectra of the
pure 3CDA but became less prominent or disappeared in the spec-
tra of the corrosion product. Such peaks may have been involved in
the adsorption process at the metal-solution interface. As may be
seen from Fig. 7, the peak around 1450 cm�1 can be assigned to
–NR2 where R is a -CH3 group. Also, the peak around 1610 cm�1

can be assigned to the aromatic rings. These functional groups
can be found in the molecular structure of 3CDA as embedded in
Fig. 7, implying that they may have been involved in the adsorption
process, similar to predictions reported in literature (Anbarasi and
Rajendran, 2014; Campbell and Jovancicevic, 1999).
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ba bc ePD
(mV dec�1) (mV dec�1) (%)

82.10 98.5 –
120.6 104.6 91.7
173.4 108.5 93.4
189.1 109.4 94.4
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Fig. 8. SEM micrographs of X80 surfaces in 1 M HCl (left) and 1 M HCl containing 10 � 10�5 M 3CDA (right) after 5 h of immersion.
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3.9. Surface morphological studies

Adsorption of corrosion inhibitors could result in the formation
of thin protective film on the metal surface. Thus, micrographs of
the surface of the metal scanned at high magnification are usually
smoother in the presence of inhibitor than in the free acid solution
(Alaneme et al., 2016). Therefore, the surface of X80 steel was
scanned using SEM after immersion in 1 M HCl solution and the
acidic solution containing 10 � 10�5 M 3CDA. Results (Fig. 8) reveal
that the micrograph of X80 surface in free acid was rough with pit-
ting due to aggressive acid attack. In the presence of 3CDA, the sur-
face roughness decreased and this can be attributed to protective
effect of 3CDA. However, though the surface film is not very visibly
seen, one can observe that the morphology in the presence of 3CDA
is different (and smoother) than that of the free acid.

4. Conclusion

From the results of the present study, 3-(2-chloro-5,6-dihydro
benzo[b][1]benzazepin-11-yl)-N,N-dimethylpropan-1-amine
(3CDA) inhibits corrosion of X80 steel in 1 M and 15% HCl at tem-
peratures not higher than 60 �C. NAG, KI, PEG and GLU added as
intensifiers to 3CDA improves its efficiency from 88.9% to 90.1,
92.8, 96.4 and 98.3% in 1 M HCl and from 74.8% to 78.1, 88.6,
90.3 and 91.5% in 15% HCl respectively. Inhibition efficiency of
3CDA was highest (88.8%) at 10 � 10�5 M concentration at 30 �C
and decreased as temperature decreased. 3CDA acts as mixed type
inhibitor and interacts with X80 steel surface by means of both
physical and chemical adsorption. Adsorption of 3CDA is facilitated
by nitrogen sites as shown by EDAX studies. Blends of 3CDA can be
applied in the filed as efficient corrosion inhibitors for minimally
deep well acidizing in the petroleum industry.
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