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ABSTRACT: The corrosion characteristics of carbon steel were investigated in the 60 ppm CI for a period of 3 days
immersion in presence and absence of Zinc ions. This work comprises of laboratory studies. The experimental method
included determination of corrosion rate by weight-loss method, EIS and Polarization studies. A large increase in
charge transfer resistance and also decrease in double layer capacitance indicates that the formation of protective film
on the surface. The ternary inhibitor system functions as an anodic inhibitor which is confirmed by Polarization study.
The 25 ppm of SPT, 50 ppm DTPMP and 10 ppm Zn®* gives maximum Inhibition Efficiency (IE) of 93%. The surface
morphology of carbon steel was confirmed by SEM and AFM analysis.
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I. INTRODUCTION

The principles and choice of corrosion inhibitor in recent years have begun taking into account health and safety
considerations. The use of harmful chemical substance has been constrained with no contact with the environment.
Now a days the search of non-toxic, eco-friendly corrosion inhibitors in essential for cooling water systems. Several
inhibitors are used for corrosion inhibition of carbon steel. Among that the very important corrosion inhibitors for the
inhibition of carbon steel is phosphonic acids. In economical point of view, it is not cheap one. So the combination of
some of the additives are reduces the cost. In the present study, ((Diethylenetriamine penta(methylene phosphonic acid
(DTPMP) used as inhibitor and Sodium Potassium Tartrate (SPT) and Zinc ions are used as additives which reduces the
cost of inhibitors and also increases the inhibition action. The environment chosen for the study is 60 ppm CI" . Many
phosphonic acids have been reported for the inhibition of corrosion such as ATMP [1], DTPMP [2], PPA [3], HEDP
[4]. The phosphonic acids chosen for the purpose is they are good complexing agents, eco-friendly non-toxic in nature.

Il. MATERIALS AND METHODS

Preparation of Carbon Steel specimen

Carbon Steel samples with the composition (C — 0.188 % , S — 0.016 %, Si — 0.346 %,Mn — 1.15%, P — 0.036 %, Cr —
0.557 %, Mo — 0.225 %, Ni — 0.0847 %, Al — 0.0417 %, Cu- 0.0342 %, Ti- 0.0149 %, V —0.0313 %, Pb- 0.0006 % and
rest lron 97.27%) were used for weight-loss study and electrochemical measurements, specimen of the size 1.0 cm x
0.2 cm x 4.0 cm were cut, polished to mirror finish by table grinding wheels, degreased with Trichloroethylene. The
environment chosen for the study is 60 ppm CI".

PREPARATION OF SOLUTIONS: Phosphonic acid (DTPMP)

0.5 g of DTPMP was dissolved in water by using triple distilled water and made up to 100 mL in a standard
measuring flask. 1 mL of this solution was diluted to 100 mL to get 50 ppm of DTPMP
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Scheme 1: Schematic representation of DTPMP

i T
HO- 3 HO- 3
HO ) HO ) O
rN\/\N/\/N\/F(\OH
OH
HO’PQO \\P/OH
HO (|:,)\OH

Scheme 2: Schematic representation of SPT
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Sodium Potassium Tartrate (SPT) Solution
0.5 g of SPT was dissolved in triple distilled water and made it up to 100 mL in a standard measuring flask. 1 mL of
this solution was diluted to 100 mL to get 50 ppm of Sodium Potassium Tartrate.

Zinc Sulphate solution
Exactly 0.44 g of Zinc sulphate was dissolved in triple-distilled water and makes it up to 1 litre. A hundred —
fold dilution yields exactly 10 ppm of Zn?* ion concentration.

WEIGHT - LOSS MEASUREMENT

Carbon Steel specimen in Triplicate were immersed in 60 ppm CI” with and without inhibitor. After the immersion
period is over specimens were taken out, rinsed in running tap water and kept in a desiccators. The corrosion products
were cleaned with Clark’s solution [5]. Then Weight — loss determined in order to calculate the Inhibition Efficiency
and Corrosion Rate (CR) using the following formulae.

W, -W;
IE = x 100
W,

Where,
W, = Weight — loss in absence of an inhibitor, W; = Weight — loss in presence of an inhibitor.
534 X Loss in Weight (mg)
CR= (mpy)
D (g/cm®) X A (in?) X T (Hrs)
D — Density of the metal specimen (g/cm®), A — Area of the specimen in in?, T — Immersion time in Hours

SURFACE EXAMINATION STUDIES

The Carbon steel specimens were immersed in blank as well as inhibitor solutions, for a period of 3 days. After the
immersion period is over, the specimens were taken out and dried. The nature of the thin film formed on the surface of
the metal specimens was analysed by various surface analysis techniques.
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ELECTROCHEMICAL STUDIES

Electrochemical Impedance Spectra:

The electrochemical measurements presented in this study were performed using the Electrochemical Workstation
(Model No. CHI760, CH Instruments, USA). Prior to the electrochemical measurements, the metal specimens were
prepared according to the above described procedure. The real part (Z’) and the imaginary part (Z”) of the cell
impedance were measured. The Charge transfer resistance (Ry) and Double layer Capacitance (Cqy) value [6] were
measured using the following relation.

2 II Ret fmax

Polarization Study:

The measurements were carried out using corrosion measurements system Electrochemical Workstation (Model No.
CHI760 D, CH Instruments, USA). A three electrode cell assembly was used. The working electrode used was a
rectangular specimen of carbon steel, with one face of the electrode of constant 1 cm? area exposed and the rest being
shielded with araldite. A rectangular platinum foil was used as the counter electrode. The area of the counter electrode
was much larger compared to the area of the working electrode. This can exert a uniform potential field on the working
electrode and minimize the polarization effect on the counter. The reference electrode used was saturated calomel
electrode (SCE). The reference electrode was placed close to the working electrode to minimize iR contribution. A time
interval of about 5 to 10 min was given for the working electrode to attain a steady state open circuit potential. The
results such as inhibition efficiency, Tafel slopes, Eqr and i [7] Values are presented.

SURFACE EXAMINATION STUDIES

Scanning Electron Microscope (SEM)

Surface analysis was carried out using Scanning Electron Microscope (SEM). The Carbon steel specimens were
immersed in 60 ppm CI" solution without and with inhibitor for about 1 day. After one day, immersed specimens were
taken out from the test solution, cleaned with double distilled water and dried at room temperature. A SEM [8, 9]
experiment was performed by using a model JSM 6390 Scanning Electron Microscope.

Atomic Force Microscopy (AFM) Analysis

The Carbon steel specimens immersed in various test solutions for 1 day were taken out, rinsed with double distilled
water, dried and subjected to the surface examination. The surface morphology AFM [10, 11] measurement of Carbon
Steel surface was analysed by XIE-Instrument atomic force microscopy.

I1I. RESULTS AND DISCUSSION

Evaluation of improvement of IE of Sodium Potassium Tartrate with Zn?*

Sodium potassium Tartrate (SPT) in corrosion control of carbon steel immersed in 60 ppm CI™ for a period of
3 days in the absence and the presence of Zn®*. The Inhibition Efficiency (IE) and Corrosion Rate (CR) are given in
Table 1. It shows that SPT and Zn** alone have some IE. In the absence of SPT, the rate of transport of Zn**from the
bulk of the solution towards the metal surface is slower than the rate of corrosion process on the metal surface. Hence
the lower corrosion inhibition takes place in the absence of SPT. When SPT is combined with Zn?*ions the increase of
IE is observed. 25 ppm SPT has only 8 % IE and 10 ppm Zn®* has only 24 %. But their combination shows 45 % IE.
This suggests a synergistic effect between the binary inhibitor formulation SPT and Zn?* ions; SPT is able to transport
Zn?* towards the metal surface.

The combined effect of 50 ppm DTPMP, 25 ppm SPT and 10 ppm Zn?* shows 93% of IE. However such
efficiency is not obtained with concentrations of SPT and DTPMP even at relatively high concentrations. Thus, it may
be concluded that Zn** is the primary synergist and DTPMP is the secondary synergist and both play a significant
synergistic role in inhibiting corrosion. Hence, the highest IE is obtained at such low concentrations of each of the
components in the ternary inhibition formulation. The CR and IE graph is given with the variation of concentration of
DTPMP respectively in Graph 1, 2.
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Table 1 The Corrosion rate (CR) and Inhibition Efficiency (IE) of carbon steel in absence and presence of

inhibitor in 60 ppm CI by weight — loss method.

SPT Zn* DTPMP Corrosion Rate IE %
0
ppm Ppm Ppm (mpy)
25 0 0 1.62 8
0 10 0 1.34 24
0 0 50 1.36 22
25 10 0 0.96 45
0 10 50 1.03 41
25 10 10 0.44 74
25 10 25 0.30 83
25 10 50 0.11 93
25 10 75 0.33 81
25 10 100 0.37 79
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Analysis of Electrochemical Impedance Spectra (EIS)
The EIS parameters of carbon steel immersed in various test solutions are given in Table 2

Table 2 EIS parameters of Carbon steel immersed in 60 ppm CI” environment

Inhibitor System: DTPMP — SPT — Zn** Immersion Period: 3 Days pH=7
S.No CI DTPMP SPT zZn** Ry Ca IE
ppm ppm ppm ppm Q cm? UF / cm? %
1 60 0 0 0 215 6.22 x 10
2 60 50 25 10 2711 3.94x10° 92
The spectra is shown in Fig. 1
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Fig. 1 EIS curves of carbon steel immersed in various test solutions

a) 60 ppm CI" b) 60 ppm CI" + 50 ppm DTPMP + 25 ppm SPT + 10 ppm Zn?*
The impedance behaviour of carbon steel in 60 ppm CI- with and without inhibitors are given in Table 2. From the
observation the charge transfer resistance of uninhibited solution is 215 ohm c¢m?, for inhibited solution containing 50
ppm DTPMP, 25 ppm SPT and 10 ppm Zn?" is 2711 ohm cm®. But the double layer capacitance (C4) value getting
decreases from 6.22 x 10°uF / cm? to 3.94 x 10® uF / cm?. The decreases in Cq attributed to increases in thickness of
electronic double layer. In addition, the formation of protective film is confirmed by increase in Ry values. The
percentage of efficiency of the inhibitor can be calculated by using following relation.

IE=R’¢- R/ R’y
R’ — Charge transfer resistance for inhibited solution R - Charge transfer resistance for uninhibited solution
By using the above relation the percentage efficiency of the inhibitor was calculated. This inhibitor formulation gives
92 % IE. Thus the EIS spectral data reveal that a protective film is formed on the metal surface.

Potentiodynamic Polarization study:
The corrosion parameters of carbon steel in various test solutions are given Table 3

Table 3 Corrosion parameters of carbon steel immersed in 60 ppm CI” environment obtained by the polarization

study.
Inhibitor System: DTPMP — SPT — Zn?* Immersion Period: 3 Days pH=7
S.No Ccr DTPMP | SPT | zn* Ecorr. b, b, | corr lE
ppm ppm ppm | ppm | mVvs SCE mV mV Alcm? %
1 60 0 0 0 -598 189.75 | 193.05 1.26x 107 -
2 60 50 25 10 -440 178.20 | 204.49 2.84x 10° 77.5
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The polarization curves are shown in the Fig. 2
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Fig. 2 Potentiodynamic polarization curves of carbon steel immersed in various test solutions.
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a) 60 ppm CI- b) 60 ppm CI" + 50 ppm DTPMP + 25 ppm SPT + 10 ppm Zn%*

The Tafel extrapolation method is used to determined i, values and corrosion rate. The Fig.2 representing the anodic
and cathodic polarization curves with and without inhibitor. The added inhibitor shows that the shift of potential was
observed towards to the anodic region, which means the anodic reaction controlled predominantly. The corrosion
current was decreased considerably in the presence of inhibitor formulation. The value of Corrosion rate of Carbon
steel in the presence of inhibitor was much smaller than that in the absence of an inhibitor. In presence of inhibitor the
IE was about 77.5%. When Carbon steel immersed in 60 ppm CI” environment the corrosion current I, is 1.26 x 10 N
Alcm?. When 50 ppm DTPMP, 25ppm SPT, 10 ppm Zn®" are added the corrosion current decreases to 2.84 x 10
A/ cm? The significant reduction in corrosion current indicates a decrease in corrosion rate in the presence of inhibitor.
The shift of corrosion potential (-598 to -440) also indicates that the anodic reaction is controlled predominantly. From
the Polarization curves it can be inferred that Zn (OH), formed on the metal surface retards the oxygen reduction
reaction and thus controls the cathodic reaction with a predominance of anodic reaction on the metal surface. The
DTPMP- SPT — Zn?* system shifts the corrosion potential to anodic side. Thus the ternary inhibitor formulation acts as
anodic inhibitor. This confirms the protective film formed on the metal surface.

SEM ANALYSIS
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Fig.3 Scanning Electron Microscope of the Carbon Steel immersed in various test solution
a,d) Polished Carbon Steel (Control)  b,e) Carbon steel immersed in 60 ppm CI" c,f) Carbon steel immersed in
60 ppm CI"+ 50 ppm DTPMP + 25 ppm SPT + 10 ppm Zn?*
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The SEM (Scanning Electron Microscope) images are taken for the system in presence and absence of inhibitor.
Normally for comparison, control metal (polished), Metals without inhibitors (Uninhibited), in presence of inhibitors
(Inhibited) was taken in 60 ppm CI" solution.

The SEM micrographs of polished Carbon steel (Control metal) is shown in Fig. 3 a,d with X 1000 and x 3000
magnification respectively, from the images it was observed that the surface is smooth. This indicates the absence of
any corrosion products on the metal surface.

The SEM images of Carbon steel which is immersed in 60 ppm CI". Here, the roughness of the metal surface increases
which shown in the Fig. 3.b, e

In presence of inhibitor formulations the surface coverage increases is shown in Fig. 3.c,f, the formulations are 60
ppm CI" + 50 ppm DTPMP + 25 ppm SPT + 10 ppm Zn?*. This formulation forms a protective film on the metal
surface by the way of forming insoluble complexes. The surface covered by a thin layer of inhibitor which effectively
controls the dissolution of Carbon steel.

Analysis of Atomic Force Microscopy (AFM)

Atomic force microscopy is the powerful technique to collect the roughness statistics from the variety of
surfaces. All AFM images were taken using XEI instruments 5 x 5 micrometer and 10 x 10 micrometer areas with the
scan rate of 0.45 Hz.

The 2 — Dimensional and 3 — Dimensional AFM morphologies are taken for polished Carbon Steel, metal
immersed in the corrosive environment and Inhibitor system which is shown in Fig. 4 ab,c and Fig. 4 d.ef
respectively.

AFM analysis performed to get the values of Ra (Average Roughness), Rrums (Root Mean Square Roughness) and P-V
height (Peak to Valley) height. The slight roughness observed on the polished Carbon steel surface due to atmospheric
Corrosion. The Ra, R RMS and P-V height values are given 19.19 nm, 24.81 nm and 166.80 nm respectively for
polished carbon steel. The Ra, R RMS and P-V height values for the Carbon steel immersed in 60 ppm CI™ are given
144.04 nm, 182.38 nm and 742.21 nm. These values suggest that the Average roughness, Root Mean Square
Roughness and Peak to Valley heights are increases due to the Corrosion of Carbon Steel in 60 ppm CI'. This indicates
the surface becomes rougher when compared to the polished Carbon steel due to the attack of Chloride ions from the
solution. The presence of 50 ppm DTPMP, 25 ppm SPT and 10 ppm Zn?* reduces the Ra value from 144.04 nm to
50.50 nm. Rgus Value significantly reduces from 182.38 nm to 63.79 nm and P-V values are also reduces from 742.21
nm to 330.94 nm. All these values are given in Table 4. These parameters confirmed that the surface appear to be
smoother. The smoothness of the surface is due to the formation of protective film of Fe?* - DTPMP and Zn(OH),
Complex.

Table 4 AFM data for Carbon Steel surface immersed in various environments
Maximum Peak to

Avg. Roughness Root Mean Square . i
Samples Ra (nm) Roughness Rews (M) Valley height P-V
(nm)
Polished Carbon Steel (Control) 19.19 24.81 166.80
Carbon Steel immersed in 60 ppm
CI" (Blank) 144.04 182.38 742.21

Carbon Steel immersed in 50 ppm
DTPMP + 25 ppm SPT + 10 ppm 50.50 63.79 330.94
Zn** (Inhibitor)
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Fig4. 2D AFM Images for Carbon Stes] Surface
3) Polished Carbon S22l (Conte]) b)) Carbon Stae] immersed i 60 /(Blank) c) Carbon Stz immersad in 30 ppm DTPMP + 25 ppeg SPT
) D b - Om%m ) e e

Fig4 3D AFM Imazzss for Carbon Steel Surface
d) Polishad Carban Sesl (Control) &) Carbon Steel immersed in 60 gpgp T (Blank) £) Carbon Stesl immersad in 50 gpg DTPNP + 25 ppss. SPT
+10 ppm.Zn* (Inhibitor)

I\V.CONCLUSION

1. The weight — loss method results indicate that the formation of consisting of 50 ppm DTPMP + 25 ppm SPT +
10 ppm Zn* has 93% IE.

2. EIS spectra indicate that the protective film formed on the metal surface.

3. The polarization study indicates the formulation of inhibitor system functions as an anodic inhibitor.

4, SEM micrographs and AFM images show that the protective film formed on the metal surface.
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