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Abstract: A high yield (74.63%) bidentate Schiff base ligand was synthesized from the condensation reaction of 4-
aminophenol and 4-diethylamino-2-hydroxybenzaldehyde by the reflux method. Its transition metal complexes of Ni, Cu and
Zn were prepared from the corresponding metal salts in methanol solution using the same procedure. The chemical structure of
the synthesized Schiff base and its metal complexes was characterized by physicochemical, spectral analysis (FTIR and UV-
Visible), and molar conductivity studies which revealed that the metal complexes were non electrolytic. Elemental analysis
data for the Schiff base ligand and its metal complexes were used to confirm the general formula of the compound. The
spectral data showed that coordination occurred through the azomethine nitrogen atom and the oxygen atom of the phenolic
ring. The corrosion inhibition of Schiff base and its metal complexes was evaluated using potentiodynamic polarization (PDP),
linear polarization resistance (LPR), and weight loss (WL) methods in acidic oil and gas well treatment fluid. The corrosive
fluid was simulated using 1 M HCl solution. The results indicated that the compounds had a promising inhibitory effect on the
corrosion of ASTM-A36 low carbon steel in the medium. The effectiveness of the inhibitors decreased with increasing time
and temperature, but improved with increasing concentration of the inhibitors. The metal complexes showed a synergistic
effect against Schiff base, with NiL1 having the maximum inhibition efficiency of 84.29%. The thermodynamic parameters
revealed that the adsorption of the Schiff base and its complexes on the metal surface was spontaneous, endothermic and
followed physical adsorption mechanism which conformed perfectly to the Langmuir adsorption isotherm. PDP measurements
showed that the Schiff base and its metal complexes acted as mixed type inhibitors. The inhibition efficiency values obtained
from the different techniques were comparable. SEM analyses of the corrosion product also confirmed the formation of a
protective layer on the metal surface.
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materials, especially metals, when exposed to a corrosive
environment. Metal degradation already encompasses a large
number of damages originating from inside the metal
application area and outside the metal-based environment.
The nature and composition of metals change due to
corrosion caused by processes such as pH, temperature, oxide
formation and hydrogen embrittlement. This is due to the

1. Introduction

The role of corrosion chemistry in oil and gas industry
cannot be overstated owing to its devastating effects on
depletion of existing wells and petting of material [1-2].
Corrosion can be defined as the spontaneous deterioration of
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reduction in strength, appearance, permeability to liquids and
gases, and the life span of the metal due to the presence of
certain gases such as CO, and H,S. Corrosion is a continual
process and cannot completely be eliminated [3-6].

Corrosion is very costly and has a major impact on the
social and economic conditions in industrialized countries.
The annual cost of corrosion includes both direct and indirect
costs that have a real impact on the gross domestic product
(GDP) of many countries, which spent billions of dollar in
putting up their industries. Therefore, corrosion cost is not
only calculated in terms of economic losses, but also system
failures during various incidents such as oil spills in truck

pipelines, canned food spills, traffic accidents caused by wear
of bolts and nuts, environmental pollution, replacement of
materials, and loss of lives and properties [3, 7-10].
Corrosion can be electrochemical/wet or dry, depending on
the interacting media [11]. Pitting corrosion is a form of
localized corrosion that involves the formation of cavities
and pores in a material [12-14]. For flawless materials,
pitting corrosion can be caused by the environment, which
can contain harsh chemicals that destroy the passive (oxide)
film, thereby initiating pitting corrosion at oxide fractures
(Figure 1) [15-17].

H,0 (water)

Pitting Corrosion /

Corrosion product
(rust)

— —

Cathodic Reaction: /M,Ooo +2¢ — 20H

Cathode

Anodic Reaction:
Fe— Fe* + 2e — 20H

Crack/damage

Coating/passive filmi
(protective layer)

Corroded pit

Figure 1. A Typical Pitting Corrosion Process.

Conversely, production can be increased through the use
of certain chemicals in well stimulation, reservoir flooding,
acid fracturing, and secondary and enhanced oil recovery
operations. Stimulation or acidification is the most important
field of application for the procedures that bring aggressive
fluids into contact with structural steel materials [2]. During
this process, acid is forced through the well under high
pressure by the drill bit to chemically react with rocks
(dolomite, calcite and limestone) that form the reservoir rock
formations, dissolve them to open new flow channels, and
enlarge existing ones [18]. Other areas related to well
acidification procedures include scaling, drilling mud
damage, hydraulic fracturing and matrix acidification
techniques [19, 20]. During rupturing, fractures are produced
in the formation and an acid solution is introduced into the
fractures to line the flow channel and expand the pore space
[20]. Compared to other acids (Formic, acetic and
hydrofluoric, sometimes mixed with other concentrated
acids), hydrochloric acid is the most commonly used in
acidification because it is more economical and reacts very
quickly with formations, but it is very corrosive. Therefore,
the acid must be mixed with a corrosion inhibitor to protect
the steel surfaces it comes in contact with from corrosion and
pitting [21].

Corrosion inhibitors are an important class of oilfield

chemicals which are essential as additives for acidic oil
recovery fluids. Inhibitors are substances that reduce
corrosion attack by modifying the environment. Therefore,
adding small amounts of these chemicals to the paint stripper
can reduce corrosion of exposed metals [22, 23]. This
preventive measure is known as corrosion inhibition.
Inhibitors reduce the anodic dissolution rate of the metal or
cathodic reduction rate of the conjugate reaction which
promotes corrosion process. So with this concept, there can
be anodic, cathodic and mixed inhibitors. Inhibitors can be
organic or inorganic, green or toxic [24].

The search for environmentally friendly inhibitors has led
to cutting edge research using synthetic Schiff bases for
corrosion resistance in almost all media, especially acidic
media [25]. The increasing popularity of Schiff bases in
corrosion science has been attributed to their low raw
material cost, relatively easy synthetic routes, high purity,
low toxicity and eco-friendly properties. Schiff bases, named
after a German chemist Hugo Schiff (1864), are formed by
the condensation of primary amines (1) with an aldehyde or
ketone (2). Structurally, a Schiff base (3) molecule consists
of benzene rings with delocalised m-electrons and electron
rich substituents (-NO,, —Cl, and —OH groups) (Figure 2).
This structural feature facilitates better interaction with mild
steel surfaces due to the presence of azomethine group (—
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C=N-) in the molecule [26].

I
Ri—NH; + R,—C—R,
(1) (2

(Primary amine) (Aldehyde or Ketone)

R2

\
—_— /C:N—R1 + H0

Rs 3)

(Schiff base) (Water)

Where R, = alkyl, aryl, OH, OR, NHR, Halogens: R,. R, = H, alkyl, aryl

Figure 2. General preparation method for Schiff base.

Schiff base is a potential chelating ligand in coordination
chemistry, and it has shown wide application prospects in
medicine as anti-oxidants, antimicrobial agents and anti-
inflammatory agents, as well as in industry as dye and
pigment precursors, and corrosion inhibitors [27, 28]. Schiff
bases are able to form coordinate bonds with many metal
ions via imine nitrogens and other groups, usually linked to
the aldehyde, they are mostly bidentate, tridentate or
tetradentate ligands, capable to form very stable complexes
with transition metals [26, 29]. The structural diversity and
electronic properties of Schiff bases have led to the synthesis
of a wide range of transition metal complexes, some of which
have enhanced capabilities in corrosion science [25].

Moreover, different ligands of Co (II), Ni (II), Zn (II) and
Sn (II) metal complexes showed good corrosion inhibition
performance in different acidic media at room temperature
and elevated temperatures, [30, 31]. Transition metal
complexes derived from Schiff' bases are more effective
inhibitors due to their larger size and compactness, and
metal-organic hybrids are also synergistic [32]. Hence, in this
research work, the inhibitory properties of a Schiff base
synthesized by reacting 4-aminophenol and 4-diethylamino-
2-hydroxybenzaldehyde = with their transition metal
complexes in 1M HCI solution on carbon steel is reported.

2. Material and Method
2.1. Materials

All reagents used in this study were obtained from Sigma

Aldrich, Germany; and were used without further purification.

Melting points were determined using Galenkemp melting
point apparatus. Elemental analyses (C, H, and N %) were
recorded on a Perkin-Elmer model 2400 Series II CNHS/O
analyzer. The molar conductivity measurement were carried
out using Jenway conductivity meter 4010 Model at room
temperature. Magnetic susceptibility measurements were
performed using magnetic susceptibility balance model
29275 at room temperature. FT-IR spectra of the Schiff base
ligands were recorded on a SHIMADZU FTIR-8400
spectrophotometer in the 400-4000cm™ range using KBr
matrix. Electronic spectra of the ligands in ethanol solution
were scanned in the range 300 - 800 nm on a UV - 2500 PC
spectrophotometer. The weight loss measurement were
conducted using thermostated water bath, Mettler Toledo

PB602 analytical weighing balance and glass wares.
Electrochemical studies were performed in a conventional
three  electrodes cell using  computer-controlled
potentiostat/galvanostat (Autolab PGSTAT 302N). Different
grades of silicon carbide papers in the range of 400 to 1200
were used for surface abrasion.

2.2. Methods

2.2.1. Preparation of Specimens

The ASTM-A36 low carbon steel used in this research was
obtained from Emma and Sons Nigeria limited, Okigwe, Imo
State, Nigeria. The elemental composition of the mild steel
by weight percentage was C — 0.17, Si— 0.26, Mn — 0.46, P —
0.0047, S —0.017, Fe — 98.935. The ASTM-A36 low carbon
steel specimens were mechanically pressed cut into coupons
of dimension 4 x 3 x 0.017 cm. The coupons were polished
with series of emery paper of variable grades starting with
the coarsest and then proceeding in steps to the finest grade.
They were washed with distilled water, rinsed with absolute
ethanol, dried in air after rinsing with acetone which was in
accordance with NACE Recommended Practice for surface
finishing and cleaning of weight-loss coupons. In addition,
coupons for electrochemical studies were mechanically press
cut into coupons of dimensions 10mm by 10mm. The
specimens were embedded with connecting terminal in epoxy
resin leaving a working area of 1 cm’ The surface
preparation of the mechanically abraded specimens was
carried out using silicon carbide emery paper of different
grades (400 to 1200 grit) and subsequent cleaning with
acetone and rinsing with distilled water prior to
electrochemical measurement in 1 M HCI solution which was
prepared by diluting 83ml of 37% HCI (Merck) stock to 1L
standard flask with distilled water as corrosive environment.
Finely polished low carbon steel was exposed to1.0 M HCl in
the presence and absence of inhibitors (SBL1, NiL1, CuL1
and ZnL1). The solutions of the Schiff base and its metal
complexes having the concentration of 20, 40, 60, 80 and 100
ppm were prepared.

2.2.2. Synthesis of Schiff Base Ligand (SBL) and Its Metal
(1) Complexes
The Schiff base ligand (SBL) was synthesized according to
literature methods with few modifications [33]. 4-
aminophenol (1.36g, 0.01mol) was added to a 30 mL
magnetically stirred ethanolic solution of 4-diethylamino-2-
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hydroxybenzaldehyde (1.74g, 0.01mol) in a 100 mL round
bottom flask (Figure 3). 2.5 mL of glacial acetic acid were
added to the mixture to adjust its pH and then refluxed for 6

h upon which a bronze precipitate was formed instantly on
cooling. The resulting precipitate was filtered, recrystallized
with ethanol and dried in vacuum oven at 80°C.

H30
Absolute H3C\/
ethanol
Reflux
6hrs,80°C

CH3 CH3 4- amlnophenol

OH

Figure 3. Synthesis of the Schiff base ligand (1), SBL1, (C;:HN-0).

The metal complexes of the Schiff base ligand were
prepared by mixing the synthesized Schiff base ligand (L1)
(0.02mol) in 30 mL methanol with the corresponding metal
salts (0.01mol) in a 100 mL round-bottomed flask. Few drops
of glacial acetic acid were added and refluxed with constant

[ HiC

OH

OH

stirring for 4 h at 40°C (Figure 4). On cooling colored
complexes were precipitated and the resulting precipitates
were then filtered, recrystallized with ethanol and dried in
vacuum oven at 80°C.

HOQ

CHj
N/—
N\—cH,

+ MClxH,o Methanol \ //

Reflux,
4hrs,40°C

\

N "L

Where M= Zinc (II), Nickel (II) and Cupper (1), and X =1, 2, 3 or 4
Figure 4. Synthesis of Metal (1) Schiff Base Ligand (1) Complexes.

2.2.3. Solubility Test and Melting Point Determination

The solubility test of the prepared Schiff base ligands and
their metal complexes were determined in different solvents
such as distilled water, ethanol, methanol, dimethylsulfoxide,
dimethylformanide, acetone and acetic acid by shaking a
small amount of each of the compounds in a test tube
containing 10 mL portions of each of the solvents.

The melting point of the Schiff base, as well as the
decomposition temperature of the metal complexes were
determined by introducing a small amount of each samples
into a capillary tube and then inserted into Gallenkamp
melting point Apparatus, the temperature at which the
ligands melted and the complexes decomposed were
recorded.

2.2.4. Molar Conductivity and Magnetic Susceptibility
Measurements
Molar conductance of the complexes were carried out in
dimethylsulfoxide (DMSO) by dissolving 0.001M of each
sample in 10mL of the solvent in a test-tube, the electrode
were inserted and the reading were taken to determine the

neutrality/electrolytic nature of the solvent. The molar
conductance is given as:
1000K
Molar conductance = )

Molar Concentration

Where K is the specific conductance

The Magnetic Susceptibility of the metal complexes were
also determine by introducing the prepared metal complexes
into a capillary tube up to a given mark and the readings were
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recorded using the magnetic susceptibility balance.

_ CparxL(R—Ry)

Xg 109xM )
X = Molar mass X X, 3)
Upr = 2.828VX,,, T 4)

Where Cy, is the constant of proportionality = 1, L =
Sample length (cm), M = Sample mass

R = Reading for tube + sample, Ro = Empty tube reading,
Xg = Mass Susceptibility, Xm = Molar Susceptibility.

2.2.5. Elemental Analysis

The elemental analysis (CHN) of the Schiff base and its
metal complexes were conducted to find the appropriate
molecular formula of the compounds and the results obtained
using the micro-analytical instrument were compared with
the calculated values.

2.2.6. Spectroscopic and Surface Characterization

The electronic absorption spectra also known as UV-
Visible spectra are often very useful in structural elucidation.
The electronic spectral measurements were used to assign the
streochemistries of the metal ions in the complexes based on
the positions and number of d-d transition peaks. Electronic
spectra of the ligands were taken in absolute ethanol (107).
The IR spectra of the ligands and their metal complexes were
carried out for structural elucidation and to determine the
compounds responsible for adsorption to the metal surface.
For weight loss measurements, the coupons were dipped in
150 mL of 1.0 M of HCI acid containing the studied Schiff
base ligand and its metal complexes to form an adsorbed
layer. The corrosion products were left for three days in 1.0
M HCI without and with 100ppm of the studied inhibitors,
after which they were retrieved, dried, and the films scraped.
The films were collected and subjected to IR analysis as
reported elsewhere [34]. The samples were prepared using
KBr and the analysis were done by scanning the sample
through a wave number range of 400—4,000 cm—1 [34, 35].

2.2.7. Scanning Electron Microscope (SEM) Analysis
Morphological studies of the mild steel surfaces exposed
to uninhibited and inhibited 1.0 M HCI solutions at room
temperature were carried out using Jeol JSM-7500F scanning
electron microscope (SEM). The SEM images were recorded
in the vacuum mode before and after immersion time of 24
hours in 1.0 M HCI. The instrument was operated at 15 kV.

2.2.8. Gravimetric Technique

One hundred millilitres (100ml) each of the 1.0 M HCI
solution was measured into six different beakers with one as
the blank (uninhibited solution) and the remaining five
labeled A to E containing different concentrations of the
inhibitors ranging from 20 ppm to 100 ppm respectively. One
low carbon steel coupon per beaker was used in each
experiment. The test coupons were weighed before
immersion in the acid solutions and the measurements were
taken down. After weighing, the coupons were immersed in

the acid solution and then placed in a thermostatic water bath
maintained at 303 K. The coupon in each beaker was noted to
avoid mix ups during the practical work. The immersion
period was two hours intervals after which the coupons were
retrieved from the acids solution, washed with tap water,
degreased with ethanol and dried with acetone before the
corresponding weights after immersion were recorded. The
procedures were repeated for ten hours at 313 K, 323 K, 333
K and 343K respectively. The differences in weight of the
coupons were again taken as the weight loss [36]. The
corrosion rate (CR), inhibition efficiency (IE), and degree of
surface coverage (O) of mild steel in 1 M HCI solution was
computed using the formulas in equation 5 to 7 respectively.

Corrosion rat''e (C. R) = :TWT ®)]

Where: AW = weight loss (g) given as W, - Wy, W, is the
initial weight and W¢ the final weight

A = total surface area of the test coupon (cm®), T =
immersion time (hours).

The Inhibition efficiency (IE) defines the level of
performance of inhibitor that causes a decrease in corrosion
rate. The inhibition efficiency (IE) was computed using the
relationship in equation 6 [37].

(C.R)o—(C.R)inh
(C.R)o

%IE = x 100 (6)
Where: (C. R), and (C. R);,, are the corrosion rates in the
absence and presence of different concentrations of the
inhibitor respectively.
The surface coverage (6) of the inhibitor was obtained
from the experimental data using equation 7 as follows:

_ (C.R)o—(C.R)inh
(C.R)o

0 (7)
Where: (C. R),= Corrosion rate in the absence of inhibitor,
(C. R)jny = Corrosion rate in the presence of inhibitor.

2.2.9. Electrochemical Measurements

The conventional three electrode set up was used
consisting of saturated calomel electrode (SCE) as reference
electrode (RE), platinium as counter electrode (CE) and low
carbon steel coupons as working electrode (WE). The area of
the working electrode exposed to the medium was
approximately 1 cm’. Fresh solution were used after each
sweep. Potentiodynamic polarization measurements were
carried out to obtain the information regarding the kinetics of
the anodic and cathodic reactions on the low carbon steel
surface. Before each potentiodynamic polarization (Tafel)
study, the electrode was allowed to corrode freely and its
open circuit potential (OCP) was recorded as a function of
time up to 1 hour, which was sufficient to attain a stable state.
After that, a steady-state of OCP corresponding to the
corrosion potential (E.,,) of the working electrode was
obtained. Potentiodynamic polarization studies were
conducted from cathodic to the anodic direction on the
potential range £250 mV versus corrosion potential (E.,,) at
a scan rate of 10 mV/s. Linear polarization resistance
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measurements (LPR) were carried out at the potential range
+20 mV with respect to the open circuit potential, and the
current response was measured at a scan rate of 0.5 mV/s.
This measurement was conducted to support results obtained
from PDP measurements. All electrochemical measurements
were carried at room temperature.

The inhibition efficiency (%) from PDP was calculated
from the measured ., values using equation (8) [38]:

1(%) = (ferr—teorm) 100 ®)
ICOT'T'

Where 2, and I.,,, are the corrosion current densities in
the absence and presence of inhibitor respectively. The
polarization resistance was obtained using the Stern-Geary
equation (1.9).

Ba X Bc
— 9
P 2.303 Xlcorr X(Ba + Be) ©)

Where B, and B, are the anodic and cathodic Tafel slopes.
From the measured R, values, the inhibition efficiency (%)
was calculated using Equation (10).

Rp - RJ

1(%) = (R—) x 100

p

(10)

Where Ry and Ry, are the polarization resistance values in
the absence and presence of inhibitors.

The constant phase element which is defined by Yo and n
has correlation with the impedance as follows [39]:

ZZcpp = Yy '(jw)™ (11)

where Y, is the CPE constant and » is the CPE exponent, j= (-
1)* which is an imaginary number and o is the angular
frequency in rad/s. CPE was used to compensate for the
deviation from ideal dielectric behavior arising from the
roughness of the mild steel surface. The value of # can be
used as a gauge of the heterogeneity or the coarseness of the
working electrode surface. The double layer capacitance (Cyy)
values were calculated from equation (12) expression.

1 1

WRct (@7 fmaxRct)

Cy = (12)

Where o is the angular frequency (® = 27tf.x), finax iS the
frequency at which the imaginary component of the
impedance is maximum. The inhibition efficiency acquired
from the impedance spectroscopy measurements was
calculated using equation (13):

_ Ret(inny— REt
%IE = ——— x 100
Ret(inh)

(13)

Where Rt (inny and R¢; are the charge transfer resistance in
the presence and absence of inhibitor, respectively.

2.2.10. Adsorption Isotherm

Adsorption isotherm provides information about the
adsorbed molecules and their interaction with the metal
surface [40]. It is the first step in the inhibition process
involving Organic inhibitors. Organic inhibitors act by

displacing water molecules from the metal surface followed
by interaction with anodic or cathodic sites. Two inhibition
mechanisms (physisorption and chemisorption) are generally
considered when discussing the adsorption mechanism of
organic inhibitor. Physisorption has to do with the
electrostatic interaction between charged metal surface and
inhibitor species. Chemisorption on the other hand involves
the sharing of electron pair. The most frequently used
isotherms include: Langmuir, Frumkin, Hill de Boer, Parsons,
Temkin, Flory-Huggins, Dhar-Flory-Huggins, Bockris-
Swinkels and the recently formulated thermodynamic/kinetic
model of El-Awady isotherm [41]. The type of the adsorption
isotherm applicable can provide additional information about
the properties of the tested compound. All these isotherms
are of the general form:

£(0, x)e(-240) =K C (14)

Here f (0, x) represents the configuration factor which
depends on the physical model and assumptions underlying
the derivation of the particular model. K is the adsorption
equilibrium constant which describes how strongly the
molecules are held on the adsorbent surface and a is the
molecular interaction parameter used to predict the nature of
interactions in the adsorbed layer. Most of the adsorption
isotherms used for corrosion inhibition studies are derived
from this general formula and amended to fit certain purpose
(s) and assumptions.

3. Results and Discussion
3.1. Physical Properties of the Schiff Base Ligands

The physical properties of the synthesized Schiff bases and
its metal complexes were analyzed and presented in Table 1.
The Schiff base ligands (SBL1) and its metal complexes
were prepared in good yield, coloured and air-moisture stable.
The colour changes observed were confirmed by the
electronic transition from lower to higher energy level. The
melting points of the complexes were higher than that of the
ligand (Table 1) indicating that the complexes are thermally
more stable than the ligand.

The elemental analysis of these compounds was also carried
out in order to resolve the molecular formulae of the complexes.
This was achieved by determining the percentages of carbon,
hydrogen and nitrogen in the compounds which enabled the
comparison of the theoretical and calculated values (Table 1).
The micro-analysis data (Table 1) suggested that all the
complexes were mononuclear where two moles of the ligand
and two moles of water molecules were coordinated to the
central metal atom. The data therefore suggested that the metal
to ligand ratio in the complex was 1: 2. The values obtained
showed a reasonable agreement with the calculated values for
the corresponding elements in all the compounds. The data for
the Schiff base and its metal complexes suggested the formation
of C17H20N202 for SBLI, [ZH(C17H19N202)2(H20)2] for ZnLl,
[Ni(C7H19N,O,), (H;0),] for NilL1 and [Cu(Ci7H9N,O5),
(H,0),] for CuL1.
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Table 1. Physical Properties of the Schiff Base Ligands.

Melti Elemental Analysis

Compound Molecular Formular Colour Yield (%) Poein:;ll% Tem Calculated (Found)
P T H% N%

SBL1 C7H30N,0, (284.37) Bronze 74.63 187 71.80 (71.20) 7.04 (6.89) 9.85(9.42)
ZnL1 [Zn(C17H19N205), (H,0)] (668.10) Light Pink ~ 47.30 220 61.07 (61.01) 6.29 (5.78) 8.38(8.96)
NiL1 [Ni(Ci7H19N>05) (H20)] (661.41) Light Gray  61.50 245 61.69 (62.56) 6.35(6.28) 8.50(8.64)
CuL1 [Cu(Ci7H9N,05), (H,0),] (666.26) Blank 75.00 270 61.24 (62.50) 6.30 (5.55) 8.41(9.02)

SBLI1= Schiff base ligand (1), D. Temp. = Decomposition Temperature

3.2. Solubility of the Schiff Base Ligands

The solubility of the Schiff base (SBL1) and its metal
complexes were determined in different solvents. From the
result of solubility test presented in Table 2, it can be observed
that, SBL1, ZnL1, NiL1 and Cul1 were soluble in acetic acid,

dimethylsulfoxide (DMSO) and dimethylformamide (DMF),
slightly soluble in ethanol and methanol, and insoluble in
water. SBL1 and its metal complexes (ZnL1, NiL1, and CuL1)
were insoluble in acetone.

Table 2. Solubility of the Schiff Base Ligands.

Compound Distilled Water Methanol Ethanol Acetic Acid Acetone DMSO DMF
SBL1 IS SS SS S IS S S
SBL2 IS SS SS S S S S
ZnL1 IS SS SS S IS S S
NiL1 IS SS SS S IS S S
Cul1 IS SS SS S IS S S
S = Soluble, SS = Slightly Soluble, IS = Insoluble
. synthesized compounds were below 50 Q'cm’mol™ indicating
3.3. Molar Conductivity Measurements their non-electrolytic nature [42, 43]. This suggested that there
The molar conductance values of the synthesized Wer€ 1O ions present outside the coordination sphere of the

compounds in DMSO 10° M were measured at room
temperature (Table 3). The conductance values of the

complexes i e, the complexes were neutral.

Table 3. Molar Conductivity test of the Metal (II) Complexes.

Complex Concentration (mol/dm’) Specific Conductance (Q ' cm™) Molar Conductance (2 ' cm’ mol™)
ZnL1 1x10° 8.40x 10° 8.40

NiL1 1x10° 12.80 x 10 12.80

CulLl 1x10° 15.60 x 10 15.60

3.4. Electronic Spectra and Magnetic Susceptibility Studies
of the Schiff Base Ligand and Its Metal Complexes

The electronic absorption spectra also known as the ultra-
violet visible spectra is a useful tool for the evaluation of results
provided by other methods of structural investigation. It is used
to designate the stereochemistry of the metal ions in a complex
as shown by the positions and numbers of d-d transition peaks.
The structure of the schiff base and its complexes was elucidated
by the absorption bands they exhibited. The electronic spectral
data of the Schiff base (SBL1) and its complexes are shown in
Table 5. SBL1 showed two major bands at 238.5 nm (41928.72
em?) and 306 nm (32679.74 cm™) (Figure 1). The band
appearing at lower energy (306 and 320.5 nm) is attributed to n
— m* transition as a result of the nonbonding electrons present on
the nitrogen atom of the azomethine group (-HC=N) and the
phenolic group. The band appearing at higher energy (238.5,
249.5 and 275.0 nm) is due to m — w* transition of the ligand
centered transitions (LCT) of benzene ring [44, 45].

The electronic spectra of Zn (II) complex shows
absorption band at 361 nm (27700.83 c¢m™) for SBLI
complex due to charge transfer transition from the metal to
the ligand (M—L). No d —d transitions are observed for the
complexes due to its complete d' electronic configuration.
The observed magnetic moment values for these complexes
are zero, indicating diamagnetic nature of the complexes
(Table 4). On the basis of analytical, conductance and
spectral data, octahedral geometry was proposed for the zinc
complexes [46-48].

The electronic spectrum of Ni (II) complex in Schiff base
ligand 1 (SBL1) showed that the bands shifted to the red with
three bands at 354 nm (28248.59 cm™), 360.50 nm (27739.25
em™) and 634.50 nm (15772.87 cm™) for SBL1 complexes
were attributed to the d-d transition of 3A2g (F) — 3T2g (F)
and 3A2g (F)— 3T1g (F), and the charge transfer transition of
3A2g (F)— T, ¢ (P) respectively, which favours an octahedral
geometry for the Ni (II) complex [47, 49]. The magnetic
moment value of Ni (IT) complex was found to be 2.84 BM,
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fell within the range of 2.8 — 3.5 BM for octahedral
complexes, and suggested octahedral geometry (Table 4).
Copper (II) complex spectrum showed two bands at 229.1
nm, and 349.7 nm (Figure 5), which was a red shift. The bands
at 352 nm and 494 nm for SBL1 complexes. 352nm and
335nm were due to intra-ligand transition and the one at 392
nm and 494 nm was as a result of d-d spin allowed transition
for 2Eg (D)— 2T2g (D) indicating octahedral geometry around
Cu (II) ion and finally the fourth absorption band ranging 650

— 765 nm in any of the complexes indicated the presence of
water [50]. The observed magnetic value of Cu (II) was 1.73
BM (SBL1 complexes) which fell within the expected range
observed for octahedral geometry. The absence of any band
below 118nm eliminates the possibility of a tetrahedral
environment in these complexes [51]. It was also concluded
that a shift in the spectra of the complexes, with respect to the
spectrum of the Schiff base ligand, bathochromically or
hypsochromically, indicated coordination.
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Figure 5. Electronic spectra of SBL1, (a) ZnL1, (b) NiL1, (c) CuL13.5.
Table 4. Magnetic Susceptibility value of the Metal (II) Complexes.
Complex Mass Susceptibility, ¥, (cm® g?) Molar Susceptibility, y, (mol™) Retr (BM) Suggested Structure
[Zn(C7H19N,0,), (H,0),] -36.80 x 10°® -23.82x 107 Diamagnetic Octahedral
[Ni(C17H1sN>0,), (H,0),] 5.13x10° 3.38x10° 2.84 Octahedral
[Cu(Cy7H9N202), (H,0),] 1.94x10° 1.25x 107 1.73 Distorted Octahedral
Table 5. Electronic Spectroscopic Data for the Schiff base Ligands.

Compound o Absorption, v (cm™) Transition

238.5 41928.72 -
SBL,

306.0 32679.74 n->mn’
ZnL1 361 27700 CT

354 28248.59 ILT
AL 361 27739.25 3Asg (F) — Ta (F)

i

634 15772.87 3Ase (F)— Ty, (F)

693 14440.43 3Asg (F)— *Tig (P)

352 28409.10 ILT
CuLl 494 20242.92 ’E, (D) — *Ty, (D)

708 14124.29

The FT-IR data of the ligand and its metal (II) complexes

together with assignments for most of the major peaks
The binding mode of the Schiff base ligand to the metal ~ (Figure 6) were given in Table 6 below.

ions in the complexes was studied by comparing the FT-IR

spectrum of the free ligand with the spectra of the complexes.

3.5. FT-IR Spectral Analysis

Table 6. The Relevant Infrared Spectra Data for the Schiff base Ligands, its Complexes and the corrosion of the Schiff bases.

Compound C-H C--C Cc-0 C-N C=N O-H H;O M-N M-0O
SBL1 2097 1439 1327 1088 1580 3250 6713 e -

ZnL1 2924 1481 1335 1150 1636 3403 671.3 594.1 475.2
NiL1 2924 1397 - 1142 1643 3403 671.3 594.1 478.4
CuLl 2924 1489 1404 1150 1643 3403 671.3 609.5 470.7
SBL1 +MS 2922 1424 1329 1088 1625 3161 7902 e e

SBL1 = Schiff base ligand 1, Sbl2 = Schiff base ligand 2, MS = Mild steel

The azomethine vibration (C=N) of the free ligand at  additional weak bands in the region 609.5 — 594.1 cm™ and
1617.70 - 1580.40 cm region was shifted to higher wave  501.5 — 470.7 cm’ (Table 6) attributed to (M-N) and (M-O),
numbers (1643 — 1636 cm’™") after complexation (Figure 2).  respectively [53], further confirmed complexation [54]. This
This indicated coordination of Schiff base through the showed that the Schiff base ligand coordinated to the metal
azomethine nitrogen [52]. Moreover, the appearance of  via “N” and “O” atoms. C-C occuring in the region 1438.80 -
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1416.40 cm™ in the free ligands shifted to 1505 — 1397 cm’™,
C-N occuring in the region 1088.40 - 1080.90 cm™, shifted to
1157 — 1142 ecm, C-H stretching occuring in the region
2937.10 —2097.30 cm™' shifted to lower wave numbers. This
was also attributed to the coordination of the ligands to metal
through the O and N atoms. The FT-IR spectra of the
complexes also showed strong bands at 3403 cm™ region
(Table 6), suggesting the presence of coordinated/lattice
water in the complexes. That was further confirmed by the

appearance of non-ligand band in 671.3 cm” region,
assignable to the rocking mode of water [54]. In the free
Schiff base ligand, the band occurring at 1326.9 cm™ due to
v(C-0, phenolic) shifted to higher wave number (1404 —
1327 cm™) in the complexes indicating the coordination of
the phenolic oxygen atom to the metal ion [55]. Therefore it
was be concluded that coordination took place via phenolic
oxygen and azomethine nitrogen of the Schiff base ligand
molecule.
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Figure 6. FTIR spectra of (a) SBLI (b) ZnLl, (c) NiL1, (d) CuLl.
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Figure 7. FTIR spectra of the corrosion products of mild steel in the presence of SBL1and in 1 M HCI acid.

Furthermore, FTIR analysis was also used to ascertain the
fact that the corrosion inhibition process took place through
the adsorption of the Schiff base (SBL1) on the low carbon
steel surface. The infrared absorption spectra of the Schiff
base and their corrosion products are presented in Table 6. by
comparing the FT-IR spectrum of the free Schiff base ligand
(Figure 6) with the spectra of the corrosion product in the
presence of SBL1 (Figure 7), functional groups responsible
for adsorption were deduced. The spectra of the Schiff base
as well as scraps from the inhibitors films on the surface of
the metal are presented in Figures 6 and 7. From the results
obtained, the azomethine stretch (C=N) at 1580.4 cm'
shifted to 1625.1 em™', C-O stretch at 1326.9 cm™" shifted to
1328.9 cm™', C~C bend at 834.90 cm™" shifted to 879.7 cm ',
C-C stretch at 1438.8 cm™' shifted to 1423.8 ecm™', C-H
stretch at 2097.3 cm™! shifted to 2922.2 cmﬁl, C-N stretch at
1088.4 cm™' shifted to 1095.8cm™'and O-H stretch at 3250.2
cem’ shifted to 3160.8 cm . The shifts in frequencies
indicated that there was an interaction between the mild steel
surface and the Schiff base. On the other hand, C=C stretch
at 1505.80 cm'l, and C-H stretch at 2064.90 cm™ were

missing in the spectrum of the corrosion products, suggesting
that these functional groups were used for the adsorption of
the inhibitor onto the surface of the low carbon steel [56].
Also, some new bonds were found in the spectrum of the
corrosion product. These included the C-H stretch at 2340.80
cm'l, C-N stretch at 1006.4 cm™ and C-H bend at 790.2 cm™.
This also indicated that some new bonds were also formed
through these functional groups [56]. The presence of these
functional groups indicated the effectiveness of the Schiff
base to interact with the low carbon steel surface and that
adsorption between the Schiff base and the low carbon steel
occured through the identified functional groups [57]. Hence,
protection of metallic surface was done via the functional
groups presented in the Schiff base (SBL1).

3.6. Gravimetric Measurements

Figure 8. indicated that the Schiff base and its metal
complexes (SBL1, ZnL1, CuLl and NiL1) indeed inhibited
the corrosion of low carbon steel in 1 M hydrochloric acid
solution since there was a general decrease in corrosion rate
at the end of the corrosion monitoring process at different
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time interval. This may be ascribed to the adsorption of
inhibitor on the low carbon steel surface, producing a barrier
which isolated the surface from the corrosive environment.
However, there was a progressive increase in corrosion rate
of SBL1 compared to the metal complexes, and the trend
followed SBL1>ZnL1>CuL1>NiLl. Figure 9 also showed
that the inhibition efficiencies of the Schiff base and its metal
complexes in the test solutions increased with increase in
concentrations of the inhibitor. Conversely, the inhibition
efficiency of the metal complexes tended to be higher than
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SBL1 with NiL1 having the maximum concentration at the
various concentrations under review. Furthermore, the
inhibition efficiency of NiL1 was estimated to be 53.84%
even at low concentration (20 ppm) and reached 88.46% at a
concentration of 100 ppm. This behaviour was due to the fact
that the adsorption coverage of NiLl inhibitor on metal
surface increased with the inhibitor concentration. Such
remarkable performances may be due to, the high molecular
weight and the presence of abundant electron donation
groups (C=N, O-H, C-N, N=N and aromatic rings).
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3.7. Effect of Temperature

Lately, some industries have dabbled intol the production
and recovery of hydrocarbons from deep pay zones. A
significant variable that may affect the efficacy of the
corrosion inhibitor in such operations is the difference between
surface and down-hole temperatures. The difference when
going down the well is known as geothermal gradient, defined
as a change in temperature per unit length of well. Geologists
estimate that the average geothermal gradient across the globe
is about 25°C per km of depth (1°F per 70 feet) [2, 58].

Using gravimetric measurement, the highest concentration
of the inhibitor was tested at five different temperatures
ranging from 303 K to 343 K to clarify the impact of
temperature on the performance of the Schiff base. Results
obtained (Table 7) clearly showed that the inhibition
efficiency decreased gradually as temperature increased. The
decrease seemed reluctant from 303 K to 323 K but became
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more prominent at higher temperatures. This implies that
Schiff base would perform effectively at surface conditions
but loose its efficiency some kilometers down the well. In
literature, this trend was associated with desorption of
reversibly physisorbed inhibitor molecules at an increased
temperature [59]. To improve the efficiency of Schiff base at
high temperatures, the Schiff base ligand was blended with
transition metal such as zinc (Zn), nickel (Ni) and cupper (Cu)
forming metal complexes. The metal complexes are known
for its synergistic enhancement of corrosion inhibition effect
[60-61]. Other metal complexes have been reported to inhibit
corrosion [62-63]. The results obtained (Table 7) showed that
the inhibition efficiency improved at high temperatures. This
demonstrated that the metal complexes could be more
efficient in various oilfield acidizing procedures associated
with high temperature operations. Similar results (Table &)
were obtained using electrochemical measurements.

Table 7. Effect of Temperature on the Inhibition Efficiency (%) of Schiff base and its metal complexes after 2 h at 20 and 100 ppm.

Concentration (ppm) Temperature, K Schiff base ZnL1 NiL1 CuL1
20 303 45.39 50.00 53.84 46.43
313 42.22 46.15 50.00 35.72
323 39.85 42.31 46.67 28.57
333 36.03 40.74 42.85 26.66
343 33.10 34.78 38.46 23.33
100 303 76.92 78.57 88.46 84.29
313 71.85 76.92 85.71 78.57
323 69.92 73.08 80.00 71.43
333 66.91 70.37 78.57 66.66
343 64.79 67.39 76.92 63.33

3.8. PDP and LPR Measurements

Potentiodynamic polarization measurements were performed in order to examine the effect of addition of Schiff base and its
metal complexes (SBL1, ZnL1, NiL1 and CuL1) on the corrosion of low carbon steel in 1 M HCI.

Table 8. PDP parameters for low carbon steel corrosion in 1 M HCI containing different concentrations of SBL1, ZnL1, NiL1 and CuLl.

compound Concentration (ppm) -Ecorr(mV) Leorr (MA) B (V/dec) Ba (V/dec) n%
Blank (1M HCI) 472 905 65.10 113.70 e
SBL1 20 480 815 102.30 111.30 9.95
100 486 689 105.50 124.20 23.87
ZnL 20 493 651 101.90 100.80 28.07
n 100 500 518 124.50 106.90 42.76
NiL1 20 479 459 103.90 96.60 49.28
! 100 493 121 115.50 105.50 86.63
CuLl 20 485 623 96.90 89.60 31.16
100 496 452 130.50 122.30 50.06
Potential (V vs SCE) Potential (V vs SCE)
0.00 0.00
-8.00 -6.00 -4.00 -2.00 _0'100.00 -8.00 -6.00 -4.00 -2.00 _0.100.00
SBL -0.20 aal. -0.20
—— Blank 030 | g Blank oo I
20 ppm == 040 £ 20ppm z
100 = - 3 100 ppm -0.40 b
ppm ——— N = — c
NN 030 1 3 ~ 050 3
N, 060 | & ¥
- -0.60 —
\ -0.70 \
-0.70
-0.80

-0.80
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Figure 10. Tafel plots for low carbon steel corrosion in 1 M HCI
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Figure 10. present the Tafel curves for low carbon steel in
1 M HCI solution in the absence and presence of the Schiff
base and its metal complexes. Low carbon steel however,
involves a mixture of many metals, a number of oxidation
reactions may occur at the anode. The various anodic
oxidation reactions may be represented in Equation (15)
while the oxidation of iron in the steel sample may be
represented by Equation (16).

Anode: M5y = Mgy +ne” (15)

(16)

The reaction at the anode could involve reduction of water
in aqueous environments with sufficiently negative potential
(Equation 17) and subsequent evolution of hydrogen
(Equagqtion 18).

Fe — Fe(za*;z) + 2e”

Cathode: H,0 + e~ > H* + OH™ (17)

(18)

The potential served as the driving force and was controlled
to measure the current as a function of the net change in
reaction rate. The sum of currents resulting from the electrode
processes can be used to obtain the free corrosion current
density (L) and the corresponding potential (E.,). The
potentiodynamic polarization parameters including corrosion
current density (I.o), potential (E.,), cathodic and anodic
constants (B, and f,) and inhibition efficiency (%) are
presented in Table 8. The I, values decreased with an
increase in inhibitor concentration compared to the free acid
solution. This was due to formation of adsorbed protective film
of the Schiff base and its metal complexes (SBL1, ZnL1, NiL1
and CuL1) on low carbon steel surface. A displacement of E,;
to less negative values in the inhibited solutions compared to
the free acid solution was also observed (Figure 10). Corrosion
inhibitors that displace E,, to less negative values are usually
identified as anodic inhibitors whereas cathodic inhibitors
displace the potential to more negative values [64, 65].
Consequently, the E.,, values obtained suggested that the
inhibitors (SBL1, ZnL1, NiL1 and CulLl) have dominant
influence on the partial anodic and cathodic reaction. However,
NiL1 showed greater influence compared to SBL1, ZnL1 and
CuLl. Thus, the addition of the Schiff base and its metal
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containing different concentrations of SBL1, ZnL1, NiLl and CuLl.

complexes further shifted the corrosion potential (Eoy)
towards negative values but the shift was not up to - 85
mV/SCE to categorize the Schiff base inhibitors as cathodic or
anodic type. Such corrosion inhibitors are usually regarded as
mixed type inhibitors with anodic predominance [12, 66]. The
values of B, and B, obtained change on addition of inhibitor
from that of the free acid solution (Table 8). The highest
difference was obtained with B, supporting that the Schiff base
and its metal complexes (SBL1, ZnLl, NiLl and CuLl)
exhibited greater influence on anodic reaction than cathodic
reaction. A mixed type inhibitor acts by blocking some active
anodic and cathodic sites of the metal without changing its
dissolution or corrosion mechanism. In other words, Schiff
base and its metal complexes (SBL1, ZnL1, NiL1 and CuL1)
inhibited both the iron dissolution and hydrogen evolution
processes, but more actively inhibiting iron oxidation (anodic
reaction). The calculated inhibition efficiency also increased
with increase in concentration of the inhibitor.

Table 9. revealed that values of R, increased in the presence
of the studied inhibitors. The results also showed that R,
values increased with increase in the concentration of the
Schiff base and its metal complexes (SBL1, ZnL1, NiL1 and
CuL1). The inhibition efficiency obtained from polarization
resistance followed the same trend as PDP with respect to
concentration. However, inhibition efficiency obtained were
relatively higher than those from PDP measurements.

Table 9. LPR parameters for low carbon steel corrosion in 1 M HCI
containing different concentrations of SBLI and its metal complexes.

compound  Concentration (ppm) R, (Qcm’) x 10~ n%
Blank (1M HCI) L7
SBLI 20 2.8147 60.28
100 3.5249 69.16
20 3.3805 66.93
ZnL1 100 4.8216 76.82
. 20 4.7357 58.15
NiL1 100 1.9786 89.98
20 3.2430 65.53
(CalLl 100 6.0631 81.56

3.9. Adsorption and Thermodynamic Considerations

The mode and extent of the interaction between each of the
inhibitors (SBL1, ZnL1, NiLl and CuLl) and the metal
surfaces were studied by applying adsorption isotherms.
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Surface coverage values (N%/100) from weight loss data
were theoretically fitted into different adsorption isotherms
and the best fit was adjudged by the value of the linear
regression coefficient (R”) (Table 10). The Langmuir
thermodynamic—kinetic adsorption isotherm [67] given by
Equation (19) gave the best fit.

1

Kads

C
: +C

(19)
Where K4 is the equilibrium constant of adsorption, C is
the concentration of the inhibitors. K, is related to the

standard free energy of adsorption (4G°,;) by the equation
as follows:
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when the value of AG, < - 20 kimol™ and chemisorption
when AG > -40kJmol™ [68]. In all cases, straight line
graphs were obtained indicating that the experimental data
fitted well into Langmuir adsorption isotherm model (Figure
11). The adsorption parameters deduced from the linear
graph are listed in Table 10. The values of 4G°ads were
found to be negatively less than the threshold value of —40 kJ
mol ™' required for the mechanism of chemical adsorption.
This indicated that the adsorption of the studied Schiff base
and its metal complexes (SBL1, ZnL1, NiLL1 and CuLl) on
the low carbon steel surface was spontancous and consistent
with the mechanism of physical adsorption [69 -71].

Table 10. Isotherm parameters for the adsorption of SBLI and its metal

AG®,4 = - RTIn(55.5K .45) (20) complexes on the surface of low carbon steel in HCI at 303 K.
. . -1 2
Where 55.5 is the molar concentration of water molecules _Compound Kuas AGys (KJmol') R
expressed in g/L, R is the universal gas constant and 7 is the ;ljlljll 43143‘.‘3‘3(3) 'ig'ggg g'gg
absc?lut.e 'temperature. Negative values of AG,, showed that NiL1 43,480 -19.630 0.966
the inhibitor molecules were spontaneously adsorbed on the CuL1 34.48 -19.040 0.962
metal surface. The mechanism of adsorption is physisorption
0.15 ® SBL1
® ¢ Znl1
NiL1
0.1 - cull
o o
S~ f
o
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Figure 11. The Langmuir isotherm for the adsorption of SBL1, ZnL1, NiLl and CuLl on mild steel surface in 1.0 M HCI at 303 K.
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Thermodynamic parameters also provide useful insights
into the inhibitive mechanism of the inhibitors [72]. The rate
of corrosion increased with increasing temperature for all
tested systems. The activation energy was determined from
linear plots of logCR against the reciprocal of temperature
(Figure 12), which were elucidated by fitting the corrosion
rate data into the Arrhenius kinetic model (Equation 21).
Depending on the concentration of the inhibitors, the
obtained activation energy increased on addition of the
inhibitors (Table 11). According to the principle of activation
and collision theory, it may be assumed that before the acid
solution corrodes the metal surface, acid molecules must
collide with the surface-bound metal molecules. This
suggested that corrosion inhibition occurred because the HCI

molecules under study require additional (higher) energy in
the inhibited solution. The increase in activation energy in
the presence of inhibitor in 1 M HCI acid was consistent with
trends reported in literature and related to the physical
adsorption mechanism [2].

Eq
2.303RT

logCR = logA —

2

The parameter A is the frequency factor or pre-exponential
factor which correspond to the intercept of the line at 1/T =0,
It is a measure of the rate at which collisions occur
irrespective of their energy and E,, obtained from the slope of
the line (Ea/R), is called the activation energy [73].

Table 11. Calculated values of thermodynamic and kinetic parameters for mild steel corrosion in 1 M HCl in different concentration of the inhibitors.

Inhibitor Concentration (ppm) NGB E, (kJ/mol) A% Jmol' K™) x 10! AHC,4(KJmol™)
Blank 0.05 1.55 -27.89 1.11
20 0.16 5.96 -26.98 3.18
40 0.12 5.53 -27.20 2.85

SBLI
60 0.26 8.04 -26.52 5.36
80 0.47 10.15 -26.03 7.47
100 0.39 10.32 -26.18 7.64
Blank 0.03 0.03 -28.08 1.76
20 0.09 5.17 -27.52 2.49
40 0.12 5.44 -27.37 276

ZnL1
60 0.19 7.39 -26.84 461
80 0.20 8.18 -26.74 5.50
100 0.32 9.47 -26.55 6.79
Blank 0.03 0.10 -28.33 2.57
20 0.16 6.22 -26.95 3.54

) 40 0.20 7.26 -26.75 458

NiLl
60 0.29 8.73 -26.44 6.05
80 0.53 10.94 -26.93 8.25
100 0.57 15.74 -24.92 13.06
Blank 5.62x 107 1.71 -27.77 0.88
20 0.07 x 107 9.04 -25.82 6.45
40 0.03x 107 10.97 -25.96 6.61

CuLl ”
60 0.01 x 10 12.60 -25.58 8.03
80 0.07 x 107 13.69 -24.78 11.19
100 0.04x 10™* 20.15 -23.09 17.73

The values of entropy of activation (AS°,q) and enthalpy
of activation (AH%g) also presented in Table 11 were
obtained from the alternative formulation of the Eyring
transition state equation (equation 22) [74, 75].

}_

ASads
2.303R

AHggs
2.303RT

CR R
log—= {logN—Ah+ (22)

Where CR is the corrosion rate of the metal, h is Plank’s
constant, N is Avogadro’s number, R is the universal gas
constant and T is the absolute temperature. A plot of log
CR/T against 1/T gives straight lines with slopes
(AH,4/2.303R) and intercepts [log(R/Nh) + (AS,,/2.303R)].

The transition-state equation relates the activation
parameters viz; AH,qs and AS,4 to corrosion rate of the metal
coupons [76]. Linear plots of log CR/T against reciprocal of
the temperature were obtained and displayed in Figure 13,
and from the slope and intercept of such plots, values of
AH®,4 and AS°g, were obtained. The positive values of
AH®4, denoted the endothermic nature of the corrosion
inhibition process. The negative values of AS°, as shown in
Table 11, indicated decreasing disorderliness at the mild
steel-inhibitor interface as concentrations of the Schiff bases
and their metal complexes increased.
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Figure 13. Transition State Plot of log CR/T against 1/T for mild steel in 1 M HCI solution in the absence and presence of various concentrations of SBLI,

ZnLl, NiLl and CuLl.

3.10. Surface Studies by Scanning Electron Microscopy

Figure 14. (a) SEM of the low carbon steel immersed in 1 M HCI solution without inhibitor for 24 h at 200 magnification and (b) SEM of the low carbon steel

immersed in 1 M HCI solution in the presence of the Schiff base (SBL1).

Morphological analysis using SEM showed differences in
the morphologies of the samples for both the inhibited and
uninhibited media. Figure 14. Shows the SEM image of the
mild steel surface immersed in the uninhibited medium for
24 h. The pitting and cracks observed on the surface of the
low carbon steel were due to corrosive attack on the
specimen in the free acid solution. Similar image of low
carbon steel immersed in the inhibited medium is shown in
Figure 14. Smoother surfaces with little cracks observed

were due to the formation of a thin film layer infused by the
complexation between the low carbon steel and the Schiff
base (SBL1). This implied corrosion rate was lowered by the
Schiff base ligand in agreement with the results obtained
from the weight loss analysis.

4. Conclusion

Schiff base and its metal complexes as ecofriendly
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pitting corrosion inhibitors on ASTM-A36 low carbon
steel in corrosive oil and gas well treatment fluids were
successfully investigated. The corrosive fluid was
simulated using 1 M HCI solution. From the above results
and discussions, it was concluded that the studied Schiff
base ligand (SBL1) acted as effective corrosion inhibitor
for low carbon steel in 1M HCI acid solution and their
inhibition efficiency increased with increase in
concentration of the Schiff base with maximum efficiency
obtained at an optimum concentration of 100 ppm within
the first 2 hours. Complexes of Schiff base formed with
zinc, nickel and copper (ZnL1, NiL1 and CuL1) improved
the efficiency to values above 76.92 % at 303 K,
enhancing its synergistic effect of corrosion inhibition.
The UV-Visible, FT-IR and the elemental analysis were
employed to confirm the proposed structure of the Schiff
bases. The molar conductivity of the metal complexes
revealed its non-electrolytic nature. Schiff base and its
metal complexes behaves as mixed type inhibitor with
anodic predominance. It inhibited ASTM-A36 low carbon
steel corrosion by formation of protective film facilitated
by benzene rings with delocalised m-electrons, electron
rich substituents (—-NO,, —CI, and —OH groups) and the
presence of azomethine group (—C=N-) functionalities.
Schiff base and its metal complexes were spontaneously,
endothermically and physically adsorbed on ASTM-A36
low carbon steel surface and the adsorption was best
approximated by the Langmuir adsorption model.
Complexes of Schiff base formed with zinc, nickel and
copper (ZnL1, NiLl1 and CuLl) could be useful as
effective alternative ecofriendly corrosion inhibitors for
ASTM-A36 low carbon steel materials in acidic well
treatment fluids containing HCl. Surface morphology
studied by SEM and Fourier transform infrared
spectroscopy (FTIR), all indicated that Schiff base and its
metal complexes protected ASTM-A36 low carbon steel
from the corrosive HCI solution.
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