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Abstract

The corrosion inhibition efficiency (IE%) of Propylenediamine-bis(Isatin) PDBI Schiff base as a corrosion inhibitor for carbon
steel samples were tested in absence and presence of various concentrations of inhibitor in 1M HCI solution was investigated by
weight loss, potentiodynamic polarization and electrochemical impedance spectroscopy (EIS) techniques. Weight loss
measurements were conducted different immersion time at temperature of 298K. The results obtained showed increase in
inhibition efficiency (IE %), surface coverage (0) but decrease in corrosion rate (CR) with increase in the concentration of the
inhibitor. Inhibitor found to perform best at 300ppm of concentration with 98.63% inhibition efficiency for 24hr of immersion
time. Langmuir adsorption isotherm was obeyed by the inhibitor. Thermodynamic parameters regulating the adsorption process
were calculated and adsorption found to physical in nature. Polarization measurements data depicted the inhibitor as mixed type in

nature.
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1. Introduction

Metals and alloys are frequently used as industrial appliances
in various heavy industries such as carbon steel is used as a
construction material in making tanks, pipelines, drums and
heat exchangers. After coming in contact with some salts,
inorganic compounds and gases, the metals undergo corrosion
attack 231,

Corrosion process frequently occurs in metals as they have
great tendency to get corroded in the presence of oxygen and
moisture on metals surface which provides suitable conditions
for corrosion process to occur. In these mechanism two
electrochemical reactions takes place on metal surface which
involves oxidation at anodic site and reduction at cathodic
site, respectively. But in industries main reason for corrosion
is the use of different types of acids such as hydrochloric,
nitric and sulphuric acid, primarily used as aggressive
solutions for removing undesirable scales like rust or mill
scales, salts from steel surface and these acts as a cleaning
agent in acid pickling, descaling, oil well acidization, for
cleaning tanks, pipelines and in regeneration of ion exchange
resins etc. (€1,

In acidic medium hydrogen evolution reaction predominates
and this acidic attack destroys the useful properties and life of
metals ©l. So the use of corrosion inhibitors becomes
necessary in these conditions. Success of a corrosion inhibitor
can be counted by its tendency to displace water molecules
from the metals surface and thereby resulting in blocking the
active corrosion sites. So, the electronic structure of
compounds, physic-chemical properties associated with
functional groups, steric effect, electron density on donor
atom, interaction of m-orbital with metal d-orbital on metals
surface are the factors responsible for proper adsorption of
inhibitor molecules on carbon steel surface that leads to the
formation of corrosion protective film [10-111,

Heterocyclic compounds containing oxygen-, nitrogen-, and
sulfur are often reported as efficient and effective corrosion
inhibitors [*2 151, Schiff bases and others organic compounds
which are having the general formula R—-C=N-R° where R
and R? are aryl, alkyl or cycloalkyl or heterocyclic groups
which are prepared by the condensation of an amine and a
carbonyl group, are reported to be inhibitors with good
potential in acidic media. The benefits associated with mostly
Schiff base compounds are that they can be synthesized easily
from cheap material (169,

Substitution of polar groups such as (—NH;, —OH, —SH,
etc.) in the N-heterocyclic rings functions to increase in the
electron density and thereby increases adsorption ability. Here
the present research is directed towards the development of
the economical, having non-toxic and eco-friendly
characteristics and novel corrosion inhibitors from natural
resources 2% 24 Aim of the present study is to examine the
influence of Propylenediamine-bis(Isatin) PDBI inhibitor on
corrosion of carbon steel in 1M HCI acidic solution by
employing weight loss measurements, potentiodynamic
polarization, electrochemical impedance, scanning electron
microscopy and quantum chemical calculations techniques.

2. Materials and methods

Solution preparation

Acidic solution of 1 M concentration was prepared by diluting
concentrated HCI of analytical grade 37% and the stock
solution of inhibitor was prepared in the ratio 10: 1 in water:
ethanol mixture by volume; to ensure solubility by using 1M
HCI solution. This solution in turn used to make different
concentrations of inhibitor by diluting with 1M HCI.

Sample preparation
Carbon steel sheets having following composition (C = 0.19,
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Mn = 0.26, Si =0.01, S = 0.017, P = 0.019, Cu=0.01, Cr=0.05.
Mo=0.01 and balance Fe) were used for corrosion study.
Carbon steel samples were cut in rectangular shape in
3%X1ecm? dimensions. The samples were mechanically
polished with different mesh grades emery papers (100-1000),
washed with distilled water, degreased in acetone, dried in hot
air blower and then placed in desiccator.

Weight loss measurement

Weight loss measurements were conducted by adopting well
established method described previously 2 261, Experiments
were performed at fixed temperature and different immersion
time in absence and presence of various concentrations of
corrosion inhibitor. Prior to every experiment the initial
weight of carbon steel samples were taken and then immersed
in the test solution (50mL) for immersion period of 4, 8, 16
and 24h. After the elapsed time specimens were taken out,
washed with distilled water, dried and then weighed
accurately. All the experiments were conducted in wooden air
thermostat.

From weight loss data; the surface coverage (0), inhibition
efficiency (IE %) and corrosion rates (CR) of inhibitor for
carbon steel were calculated by using the following equations:

8) = Wy —W; 1)

W,

(IE%) = % X 100 @)

Where, w; and wo stand for the carbon steel coupon in
presence and absence of inhibitor respectively.

The corrosion rate CR (mmy™) of carbon steel was calculated
using the relation:

(CR] _ 876 iigrxma 3)

where Aw is the weight loss of the carbon steel samples (gm),
A is area of the sample (cm?), t is exposure time (h) and D is
the density 7.68(g cm)

Electrochemical Measurements

The electrochemical measurements were done by using a
three-electrode cell assembly at room temperature where a
platinum foil acts as a counter electrode, saturated calomel
electrode as the reference electrode and a working electrode of
carbon steel having 1 cm? area was immersed in the test
solution and the rest being covered by using epoxy resin 7,
The working electrode was abraded by using emery papers of
different mesh grades, washed with water, and degreased with
acetone. All electrochemical measurements were carried out
using computerized AUTOLAB Salartron Model 1280B

potentiostat at open circuit potential.

All experiments were carried out after immersion for 30 min
in the test solution (no deaeration, no stirring) to attain a stable
value of Ecorr.

Electrochemical impedance was carried out in frequency
range of 10 kHz to 0.01 Hz with signal amplitude of 10 mV at
the corrosion potential and the experimental measurements
were automatically controlled by Z-view software. All
experiments were measured after immersion for 30 min in 1
M HCI in presence and in absence of inhibitors. The
impedance data were plotted in the form of Nyquist plots (Zrea
vs. Zimg) and Bode plots. Charge transfer resistance (Re) and
double layer capacitance (Cq) were calculated by using data
from Z-view software.

The Tafel polarization measurement was carried out from
cathodic potential at a scan rate 1mV s obtained by changing
electrode potential from -250 to + 250mV (SCE vs. OCP) in
order to study the influence inhibitor of corrosion inhibition
on carbon steel.

3. Results & Discussion

Weight Loss Measurements

Effect of PDBI on Inhibition Efficiency

Inhibition efficiency (IE%) and surface coverage (0) values
obtained from the weight loss measurements in absence of
inhibitor and in the concentration range (50-300ppm) in 1M
HCI for 24h of immersion at 298 K are shown in Fig 1. Table
1 shows calculated data and increasing trends in inhibition
efficiency with increase in inhibitor concentration and
maximum efficiency estimated is 98.63% at 300ppm which
indicates that PDBI is a good corrosion inhibitor for carbon
steel in 1 M HCI. This type of behaviour occurs due to the
strong interaction of the compound with metal and resulted in
the adsorption of the inhibitor molecules on metal surface %1,

—s=— 4ih

Inhibition Efficiency (%)
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—=— 16N

—=— 2 4R
T T T T T T T T T T T
50 100 300
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Ceoencentration {ppm}

Fig 1: Deviation recorded in inhibition efficiency (IE %) on carbon
steel surface in absence and in presence of different concentrations of
inhibitor, for different immersion time at 298K.
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Table 1: Weight loss parameters for carbon steel, in absence and in different concentrations of inhibitor solution in 1 M HCI for different time

periods.
Time period Conc. (ppm) Wi. loss (gm) Cr (mmy-1) IE% Surface coverage (0)
0 0.037 35.16 - -
50 0.011 10.45 70.27 0.70
100 0.008 7.60 78.37 0.78
4h 150 0.006 5.70 83.78 0.83
200 0.004 3.80 89.18 0.89
250 0.003 2.85 91.89 0.91
300 0.003 2.85 91.89 0.91
0 0.059 28.04 - -
50 0.015 7.12 74.57 0.74
100 0.011 5.22 81.35 0.81
8h 150 0.008 3.80 86.44 0.86
200 0.005 2.37 91.52 0.91
250 0.004 1.90 93.22 0.93
300 0.006 2.85 89.83 0.89
0 0.112 26.61 - -
50 0.025 5.94 77.67 0.77
100 0.016 3.80 85.71 0.85
16h 150 0.010 2.37 91.07 0.91
200 0.007 1.66 93.75 0.93
250 0.005 1.18 95.53 0.95
300 0.004 0.95 96.42 0.96
0 0.146 23.12 - -
50 0.026 4.11 82.19 0.82
100 0.018 2.85 87.67 0.87
24h 150 0.013 2.05 91.09 0.91
200 0.007 1.10 95.20 0.95
250 0.005 0.79 96.57 0.96
300 0.002 0.31 98.63 0.98

Effect of PDBI on corrosion rate

The corrosion rate of carbon steel after exposure to 1 M HCI
solution for 24h in absence and in presence different
concentrations of inhibitor was calculated in mmy* are plotted
with concentration in Fig 2.

It is noticed from results that corrosion rate decreases as the

concentration of the inhibitor increases suggesting that the
corrosion inhibition enhances with the inhibitor concentration.
This behavior described the fact of increase in adsorption
amount and coverage of metal surface by the inhibitor with
concentration increase [?°1,
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Fig 2: Deviation recorded in corrosion rate (CR) for carbon steel surface in absence and in presence of different concentrations of inhibitor, for
different immersion time at 298K.

Electrochemical measurements

Electrochemical impedance measurements studies

The corrosion behaviour of carbon steel was investigated by
impedance measurement at 298 K temperature after
immersion in 1M HCI solution with and without different
concentrations of PDBI as an inhibitor for 30 min. The

impedance spectra of carbon steel are present in the form of
Nyquist plots are shown in Fig 3. The Nyquist plots are exist
in semicircle in nature and diameter of semicircle increases
with increasing the concentration of corrosion inhibitor. It
shows the impedance of inhibited mild steel increase with
increasing the concentration of inhibitor. It is also seen that
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the impedance is not perfectly semicircle in 1M HCI solution
which can be attributed to frequency dispersion as a result of
the no homogeneity and roughness of electrode surface B34,
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Fig 3: Nyquist plots for carbon steel in absence and presence of
different concentrations of inhibitor in 1M HCI solution at room
temperature.

Figure 4(a, b) presents the Bode and Phase plot for the same
impedance data between log Z impedance vs. log frequency
and between phase angle vs. log frequency at different
concentrations of inhibitor. Impedance performance suggests
that greater values of phase angles at higher frequency give
indication of more capacitance %1,
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Fig 4: (a) Bode and (b) Phase plots of carbon steel in absence and in
presence of different concentrations of PDBI as corrosion inhibitor in
1M HCI solution at room temperature.

The experimental results obtained from electrochemical
impedance measurement such as charge transfer resistance
(Rct), double layer capacitance (Cgq), and percentage
inhibition efficiency

(% IEgs) are listed in Table 2. The value of charge transfer
resistance calculated from the difference in impedance (Zrea)
at lower to higher frequencies [61. The double layer
capacitance value calculated from the frequency at which the
imaginary component of impedance is (-Zmax) maximal and Re
value by using following equation 13734,

1 1

log(Z fo.cm?)

—— Blank
—50ppm
— 100ppm
— 150ppm
——200pppm
——250ppm
——300ppm

T T T T T T T

log frequency (Hz)

T
3

Ao
a

Car = — X “)

ZTLfmax RI'_"t

Where, Where, fmax is the frequency value at the top of
semicircle of Za axis, 7 = 3.14 and R is the charge transfer
resistance with inhibitor concentration, respectively.

The percentage inhibition efficiency was obtained from R
value with different concentration of inhibitor by using
following equation I,

IEEIS % == {:1 - i_?;) (%)

Where, R%: and R represent the charge transfer resistance
without and with different concentrations of inhibitor.

Table 2. Electrochemical impedance parameters of carbon steel in absence and in presence of different concentrations of PDBI as inhibitor in 1M

HCI solution.
Inhibitor name Concentration (ppm) | Ret (Q.cm?) | Ca (p F/em?) | Inhibition efficiency (IEeis %)
0 15.88 417.96 -
50 108.8 61.00 85.40
100 141.59 46.87 88.78
Propylenediamine-bis(isatin) PDBI 150 184.14 36.04 91.34
200 260.56 25.47 93.90
250 268.46 24.72 94.08
300 274.94 24.14 94.22
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From the Table 2 it can be seen that on increasing the inhibitor
concentration tin 1 M HCI solution, the charge transfer
resistance (Rct) value increases but double layer capacitance
value decreases. The decreases in double layer capacitance
value (Cq) in comparison with absence of inhibitor in solution
could result from a decrease in local dielectric constant and/or
an increases in the thickness of the electrical double layer,
which suggest that corrosion inhibitor functions by adsorption

at metal/solution interface 41421 |

Potentiodynamic Polarisation Measurements

The representative potentiodynamic polarization as cathodic
and anodic polarization curves for mild steel in 1.0 M HCI
solution in absence and presence of different concentrations of
PDBI are shown in figure 5.

log i (mA cm'2)

Blank
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Fig 5. Tafel polarization curve of inhibitor in absence and in presence of inhibitor in 1M HCI.

It can be seen from the figure that on addition of corrosion
inhibitor in 1 M HCI solution effect both cathodic and anodic
polarization curves or it shifted the both cathodic and anodic
branches of Tafel curve to lower value of current density. The
corrosion inhibitor slow down both cathodic hydrogen
evolution reaction and the anodic dissolution of carbon steel
surface and inhibition of both type reaction increases with

increasing the inhibitor concentration hence shows that PDBI
act as mixed type inhibitor.

The experimental polarization parameters were obtained by
the extraplotation of Tafel slope including corrosion potential
(Ecorr), corrosion current density (leor), cathodic (Bc) and
anodic (Ba) Tafel constant and inhibition efficiency are
illustrated in Table 3.

Table 3. Tafel polarization data of inhibitor for carbon steel in 1M

o Concentration pa mV Be mV
Inhibitor name -Ecorr (MV v$ SCE) | lcorr (nA.cm-2) | 1Epp %
(ppm) dec? dec?
0 778 1369 -0.506 5.72 -
50 649 968 -0.494 1.69 70.45
100 626 937 -0.461 1.45 74.65
Propylenediamine-bis(isatin)
PO 150 709 818 -0.497 1.35 76.39
200 664 793 -0.473 1.06 81.46
250 591 674 -0.468 0.68 88.11
300 518 696 -0.461 0.62 89.16

By inspection of Table 3 it is clearly seen that the cathodic
(Ba), anodic (Bc) Tafel constant values slightly change and the
corrosion current density (lcorr) decreased hence corrosion rate
of carbon steel obviously reduced in the presence of the
corrosion inhibitor. But the values of cathodic Tafel constant
are higher than anodic which show the inhibitor effect on the
cathodic hydrogen evolution reactions than on the anodic
dissolution reactions. These results show that there is
formation a protective thin layer film on steel surface which
reduced the corrosion process.

The values of corrosion current density (Icorr) calculated by
using following equation (Stern-Geary equation).

_ __ BaXBc 1
€OTT  2.303(Ba+Bc)  Rp

(6)

Where, R?’ is the polarization resistance, B, and B, are the
cathodic and anodic Tafel constant, respectively.
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The percentage inhibition efficiency is calculated by using
following equation 31,

IE % = (1- Zeerr’ ) x 100 @)

corr?

Where, Lzor® and I.or are the corrosion current densities
without and with different concentrations of inhibitor,
respectively. The maximum percentage inhibition efficiency
that are depend upon the corrosion current density value found
to be 89.16% at 300ppm concentrations solution.

Also, there are no definite trends of corrosion potential (Ecor)
value with presence of different concentration of inhibitor in
1M HCI solution. This indicates the non-interference of
inhibitor in the anodic dissolution or cathodic hydrogen
evolution reactions independently suggesting that this
inhibitor act as mixed type inhibitor 14461,

It was reported by various researchers and Riggs “7. that i) if
the displacement in Ecor value in the presence of corrosion
inhibitor with respect to absence of inhibitor is higher than 85
mV, the inhibitor is recognized as an anodic or a cathodic type
inhibitor ii) if the change in Ecor value is less than 85 mV, the
inhibitor is recognized as mixed type inhibitor 1“8l In the
present study the maximum displacement of corrosion
potential (Ecorr) Value is 45 mV which indicates that the PDBI

act as mixed type corrosion inhibitor.

Adsorption Isotherm

Weight loss measurement gives idea about the effectiveness of
Schiff base in terms of its inhibition efficiency and surface
coverage on metal surface. But brief explanation can be given
through adsorption of inhibitor molecule on metal surface.
Adsorption isotherm  provides necessary and useful
information related to the mode of interaction between the
metal/solution interfaces. Physical adsorption and chemical
type of adsorption gives idea for better explanation. Degree of
adsorption found to depends upon the chemical structure and
composition of inhibitor molecules, temperature and
electrochemical potential at metal/solution interface 9. Out
of the various isotherms, the Langmuir isotherm found to be
best graphically fitted adsorption isotherm for tested inhibitor.
Langmuir adsorption isotherm can be expressed by the
following equation:

Cipn _ 1
8 Kads

+ Cinn (8)

Where, Cinn represents the inhibitor concentration, 6 is the
degree of the coverage on the metal surface and Kas =
equilibrium constant for the adsorption—desorption process.
The straight line plot of C/0 vs concentration is shown in Fig6.

400 -
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R® =0.9993 -
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B C/88hrs
250 -
- C/816hrs
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R*=0.9993
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Fig 6: Langmuir adsorption plots for carbon steel in 1M HCI solution for different immersion time.

Slope line values for 4, 8, 16 and 24h immersion time shows
values equal to 0.998, 0.999, 0.996 and 0.999 respectively.
The values are close to unity indicates that the Langmuir
adsorption isotherm is being obeyed. The intercepts of slope
line is used to calculate the equilibrium constant for
adsorption- desorption process which in then utilized to
calculate the standard Gibbs free energy of adsorption
according to the equation:

. 1 Gads
Van’th off equation= —— eXp (——) (9
q 55.5 p C‘:\RT ] ( )

Where, R is the universal gas constant; T, is the
thermodynamic temperature.

The calculated values of Kaes and AGaas are compiled in Table
4. The high value of the adsorption equilibrium constant
points towards the high adsorption ability hence stronger
interaction of inhibitor molecules on the carbon steel surface

for different immersion time. The Kaas data support PDBI as a
good corrosion inhibitor for carbon steel in acidic medium.
The average values 2G%gs were recorded -27.11, -27.94, -
28.18 and -28.20 kJ mol?, respectively. The negative values
of standard free energy of adsorption points towards the
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spontaneity in adsorption for both inhibitors on carbon steel
surface and strong interaction and stability of the adsorbed
layer [50-541,

The negative value of AGga. obtained through using equation
points to the spontaneity of the reaction and stability of the
adsorbed inhibitor layer. The 46z of near about -20 kJmol™ or
less negative is considered as physisorption which shows
interaction between charged inhibitor molecules and charged
metal surface. If the value is around -40 kJ mol! or more
negative then it indicates charge sharing or transfer between
inhibitor molecules and metal surface through coordinate bond
(chemisorptions) 5559,

In the case of this inhibitor the values of AGaas are in the
range between -27.11 kJ mol? to -28.20 kJ mol? which
suggest adsorption mechanism as the combination of both
physisorption and chemisorptions on carbon steel surface. But
predominantly physisorption contributes more towards the
adsorption process. All negative ACGaa: values imply the
adsorption of the inhibitor on metal surface as a spontaneous

process.
Table 4: Thermodynamic adsorption parameters of PDBI inhibitor

on carbon steel surface for different immersion periods at 298 K.

Inhibitor name Immersion time Log ﬂGoadS
55.5k /kJ mol-t

4hr 4.75 -27.11

Propylenediamine- 8hr 4.89 -27.94

bis(isatin) PDBI 16hr 4.93 -28.18

24hr 4,94 -28.20

SEM Study

SEM images of carbon steel surface 1M HCI solution and in
250ppm concentration of PDBI inhibitor for 24h of immersion
period at 298 K are shown in Fig 7. This technique was
selected in order to support our results. As shown in Fig 7(a)
carbon steel surface shows some abraded scratches in polished
area, in (b) due to absence of inhibitor and in presence of
corrosive solution it undergo dissolution thereby showing
highly porous and deep holes on metal surface due to
aggressive attack of corrosive medium.

Fig 7: SEM images of carbon steel samples after of immersion period of 24h (a) polished surface before corrosion (b) in 1M HCI (c) in 250ppm
of PDBI.

However in Fig (c), the surface of metal appears smooth and
show formation of a protective film after the addition of
inhibitor in 250ppm concentration.

The inhibitor molecules are adsorbed on the steel surface and
protected the metal against corrosion. SEM results are in good
agreement with the inhibition efficiency observed from other
techniques.

4. Conclusions

1. Studied inhibitor i.e Propylenediamine-bis(lsatin) PDBI
found good inhibitor for carbon steel in 1 M HCI solution
at 298 K.

2. Weight loss parameters shows increase in inhibition

efficiency upto 98.63% and surface coverage (0) but

decrease in corrosion rates with concentration and

immersion times at 298 K.

Potentiodynamic curves reveals inhibitor as mixed type.

4. Inhibitor obeys Langmuir adsorption isotherm and
thermodynamic parameter points towards adsorption as
physiosorption.

5. SEM study shows that corrosion inhibition is due to
adsorption of PDBI at carbon steel/ acid solution interface.

w
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