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Abstract  
The inhibitive effect Carica papaya seed extract (CPSE) on the corrosion behavior of aluminium in sulphuric acid medium of 

pH 2.3 was investigated by using Tafel polarization and electrochemical impedance spectroscopy (EIS) techniques in the 

temperature range 30 to 50°C. The concentration of inhibitors used was in the range of 100-400ppm. The surface 

morphology was studied using scanning electron microscopy (SEM). Inhibition efficiency was found to increase with 

increase in inhibitor concentration and decrease with increase in temperature. CPSE acted as a mixed type inhibitor. Inhibitor 

underwent physisorption on the surface of the metal and followed Langmuir adsorption isotherm. The kinetic and 

thermodynamic parameters were calculated and discussed in detail.. CPSE emerged as a potential, cost effective eco-friendly 

natural inhibitor for the corrosion control of aluminium in sulphuric acid medium. 
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1. Introduction  
Corrosion control studies of aluminium and aluminium alloys are of prime importance for researchers because of their 

technological and economic considerations. Aluminium and aluminium alloys find immense applications in automobiles, 

aviation, household appliances, containers and electronic devices [1-3]. The applications of aluminium and its alloys are 

often possible because of the natural tendency of aluminium to form a passivating oxide layer. However in aggressive media, 

the passivating layer can be destroyed and corrosive attack can take place. The protection of aluminium and its oxide films 

against the corrosive action of chloride and sulphate ions have been extensively studied [4-5]. Hydrochloric and sulphuric 

acid in the pH range of 2-4.5 is mainly used for pickling of aluminium and its alloys [6]. A useful method to protect metals 

and alloys deployed in service in aggressive environments against corrosion is the addition of inhibitors. A number of 

organic compounds are known to be applicable as corrosion inhibitors for aluminium and its alloys in acidic environments 

[7-9]. However, increased awareness of environmental hazards caused by synthetic chemicals has received global attention. 

There exists a need to develop a new class of corrosion inhibitors with low toxicity and good efficiency. The exploration of 

natural products of plant origin as inexpensive eco-friendly inhibitor is an essential field study [10-12]. Till date lots of works 

have been reported for using natural product as corrosion inhibitors [13-15] including barks and leaves of carica papaya for 

aluminium and steel in acidic media. As a part of our research work with natural inhibitors for the corrosion control of 

aluminium and its alloys [16-18], we report herein, the results of utility of Carica papaya seed extract (CPSE) for the 

corrosion control of aluminium in sulphuric acid medium of pH 2.3. This study has dual purposes, first to study the corrosion 

behavior of aluminium at lowest possible concentration of sulphuric acid medium and secondly to establish the effectiveness 

of extract CPSE as corrosion inhibitor.  

 

2. Materials and methods 
2.1. Material 

The composition of aluminium is:  Si: 0.467%, Fe: 0.163%, Mg: 0.530% and aluminium: Balance. Cylindrical test coupons 

of 10 mm diameter and approximately 20 mm height were machined from the rods of aluminium and metallographically 

mounted up to 10mm height using cold setting resin. The exposed flat surface of the mounted part was polished as per 

standard metallographic practice - belt grinding followed by polishing on emery papers and finally disc polished using 

levigated alumina abrasive. 

2.2. Medium 

Sulphuric acid solution of required strength was prepared from previously standardised stock solution of 2M solution. 

 

2.3. Preparation and characterization of seeds of Carica papaya extract (CPSE) 

The aqueous extract of the CPSE was prepared by literature method [21]. 40 g of the powdered Carica papaya seeds were 

boiled in 500 ml of distilled water for 30 minutes after which it was filtered using a piece of clean white cotton gauze. The 

filtrate was evaporated to complete dryness at 40ºC, producing a fine sweet smelling and chocolate colour solid residue. The 

solid residue obtained was weighed and pooled together in an air and water-proof container kept in a refrigerator at 4ºC. 
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FTIR of the solid residue was recorded using spectrophotometer (Shimmed model) in the frequency range of 4000 to 400cm
-1 

using Kerr pellet.  Aqueous solution of required strengths was prepared whenever required. 

 

2.4. Electrochemical measurements. 

The Teal polarization studies were carried out by using a potentiostat (CH 600D series US Model with CH instrument beta 

software) and a three electrode cell. The electrochemical cell used was a conventional three Pyrex glass cell with a platinum 

counter electrode and a saturated calomel electrode (SCE) as reference electrode. The working electrode was made up of 

aluminium sample.  Polished aluminium specimen with 0.95cm
2 

 surface area was exposed to 50mL of sulphuric acid 

(pH=2.3) at 30°C without and with 100, 200, 300 and 400ppm inhibitors in the acid solution. The steady state open circuit 

potentials with respect to SCE were noted at the end of 5 minutes. The polarization studies were then made from −250mV to 

+250mV Vs respective OCP with a scan rate of 1mV sec
−1

 and corresponding corrosion currents recorded. From Tafel plots 

various potentiodynamic parameters were determined. The corrosion rate in mmy
-1

 was calculated using equation (1). 

                                                      1 corr3270 x  x i
mm y               

 x 
corr

M

Z




       (1) 

where 3270 is a constant that defines the unit of corrosion rate, icorr = corrosion current density in A cm
-2

, q = density of the 

corroding material, M = Atomic mass of the metal, and Z = Number of electrons transferred per metal atom [22]. 

 The percentage inhibition efficiency was calculated from expression (2). 

corr corr(inh)

corr

i –  i
  (%) 100

i
  

 

          (2) 

where icorr. and incur.(inh) are the corrosion current densities in the absence and in the presence of inhibitor, respectively. The 

experiments were repeated for 35, 40, 45 and 50°C and Ecorr.,, icorr., corrosion rate (CR) and % IE were determined. 

The corrosion rates for all the above conditions are also obtained from electrochemical impedance measurement technique 

carried out in a frequency range from 0.01 to 10000Hz using a small amplitude ac signal of 10mV at the open circuit 

potential and resulting impedance data were analyzed using Nyquist plots. Charge transfer resistance (Rct) and double layer 

capacitance (Cdl) were recorded. 

The inhibition was calculated using equation (3): 

                   (3) 

where Rp
1
 and Rp are the polarization resistances in the presence and absence of inhibitors. 

 

2.5. Scanning electron microscopy 

The surface morphology of aluminium surface, in absence and in the presence of the inhibitor was studied by immersing the 

material in sulphuric acid of pH 2.3 for 2 hrs. using JEOL JSM-6380L Analytical scanning electron microscope. 

 

3. Results and discussion 
3.1 Fourier transform infrared (FTIR) spectroscopy of CPSE 

Figure 1 shows the FTIR spectrum of CPE. –N=C=S Stretching frequency appears at 2300cm
-1

.The Aromatic Stretching 

frequency appears at 3050cm
-1

. The -C=C- Stretching frequency at 1612cm
-1

. 

 

 
Figure 1: IR spectra of   Carica papaya seed extract 

3.2. Potentiodynamic polarization curves 

Figure 2 shows the Tafel polarization curves of aluminium in sulphuric acid of 2.3pH at 30 
°
C for different concentrations of 

inhibitor. Valuable potentiodynamic parameters such as corrosion current density (icorr), corrosion potential (Ecorr), anodic 

and cathodic slopes ( ba and bc) were obtained from Figure 2.  Corrosion rate and % efficiency of the inhibitor was calculated 

using equation 1 and 2 respectively. Results are tabulated in Table 1. 
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From Table 1, is evident that corrosion current density (icorr) and corrosion rate decreased with increase in the concentration 

of inhibitor. Inhibition efficiency increased with increasing inhibitor concentrations. The parallel cathodic Tafel curves 

suggest that the hydrogen evolution is activation controlled, and the reduction mechanism is not affected by the presence of 

the inhibitors [23]. The values of -bc changes with increase in inhibitor concentration which indicates the influence of seeds 

of Carica papaya on the kinetics of hydrogen evolution. The shift in the anodic Tafel slope ba may be due to the sulfate/ 

inhibitor molecules adsorbed on the aluminium surface. 

 
      Figure 2: Tafel plot for aluminium in H2SO4 (pH= 2.3) at 30

°
C for different concentrations CPSE. 

 
No definite trend is observed in the variation of corrosion potential ( Ecorr.)  values, which suggests that seeds of Carica 

papaya act as a mixed type inhibitor [23]. According to Ferreira et al and Li et al.[24, 25], if the displacement in corrosion 

potential is more than ±85 mV with respect to corrosion potential of the blank, then the inhibitor can be considered as a 

cathodic or anodic type. However, the maximum displacement in this study is not more than 30 mV, which indicates that 

inhibitor is a mixed type inhibitor. 

 

3.3. Electrochemical impedance spectroscopy (EIS) studies 

In order to gain more information about the corrosion inhibition phenomenon, electrochemical impedance spectroscopy 

measurements were carried out for the aluminium in sulphuric acid of pH 2.3in the presence and absence of aqueous extracts 

of seeds of Carica papaya at different temperatures. 

Figure 3 represents Nyquist plot of aluminium in the presence of various concentrations of aqueous extracts of seeds of 

Carrica papaya in a solution containing sulphuric acid of pH 2.3 at 30°C. Similar results were obtained at other temperatures 

studied. The impedance diagrams of Figure 3 show semicircles. This  indicates that the corrosion process is mainly charge 

transfer controlled. The presence of inhibitor increases the impedance but does not change other aspects of the 

behaviour[25]. These results support the results of polarization measurements that the inhibitor does not alter the mechanism 

of electrochemical reactions responsible for corrosion. It inhibits corrosion primarily through its adsorption on the metal 

surface [26].  

 
Figure 3: Nyquist plot for aluminium in H2SO4 (pH= 2.3) at 35

°
C for different concentrations of CPSE 

 
The impedance plots are with a depressed capacitive loop at high-frequency range (HF) whose diameter increases with 

increase in inhibitor concentration, followed by an inductive loop at low-frequency (LF) region.  Similar impedance plots 

have been reported in the literature for the corrosion of pure aluminum and aluminum alloys in various electrolytes [27–28]. 

The high frequency capacitive loop could be assigned to the charge transfer of the corrosion process and to the formation of 

oxide layer [29]. The oxide film is considered to be a parallel circuit of a resistor due to the ionic conduction in the oxide 

film and a capacitor due to its dielectric properties.  According to Brett [30], the capacitive loop is corresponding to the 

interfacial reactions, particularly, the reaction of aluminum oxidation at the metal/oxide/electrolyte interface. 
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        Table 1: Results of Tafel polarization studies of aluminium in H2SO4 ( pH=2.3) at different concentrations of CPSE 

The process includes the formation of Al
+
 ions at the metal/oxide interface, and their migration through the oxide/solution 

interface where they are oxidized to Al
3+

. At the oxide/solution interface, OH
−
 or O

2−
 ions are also formed. The fact that all 

the three processes are represented by only one loop could be attributed either to the overlapping of the loops of processes,  

or to the assumption that one process dominates and, therefore, excludes the other processes [31]. The other explanation 

offered to the high frequency capacitive loop is the oxide film itself. This was supported by a linear relationship between the 

inverse of the capacitance and the potential found by Bessone et al. [32] and Wit and Lenderink [33]. The origin of the 

inductive loop has often been attributed to surface or bulk relaxation of species in the oxide layer [34]. The LF inductive 

loop may be related to the relaxation process obtained by adsorption and incorporation of sulphate ions, oxide ion and 

charged intermediates on and into the oxide film. The results are tabulated in Table 2. 

As seen from Figure 3 that Rs (solution resistance) remains almost constant, with and without addition of aqueous extracts of 

seeds of Carica papaya for aluminium. It was also observed that the value of constant phase element Q, decreases, while the 

values of Rt increase with increasing concentration of inhibitor, indicating that the inhibition efficiency increases with the 

increase in concentration of aqueous extracts of seeds of Carica papaya. The double layer between the charged metal surface 

and the solution is considered as an electrical capacitor. The adsorption of inhibitor on the aluminum surface decreases its 

electrical capacity because they displace the water molecules and other ions originally adsorbed on the surface. The decrease 

in this capacity with increase in inhibitor concentrations may be attributed to the formation of a protective layer on the 

electrode surface. The thickness of this protective layer increases with increase in inhibitor concentration up to their critical 

concentration and then decreases. The obtained CPE (Q) values decrease noticeably with increase in the concentration of 

inhibitors.  

An appropriate equivalent circuit is simulated for  the observed impedance values. It is shown in Figure 4. In this equivalent 

circuit Rs is the solution resistance and Rt is the charge transfer resistance. RL and L represents the inductive elements. CPE  

(Q) is constant phase element in parallel to the series capacitors C1, C2 and series resistors R1, R2, RL and Rt. RL is parallel 

with the inductor L.  

 
Figure 4: Equivalent circuit used to fit the experimental EIS data for the corrosion of aluminium in sulphuric acid of pH=2.3 

Temp 

(0C) 

[CPSE] 

(ppm) 

iCorr.(×10-5)
  

(A/cm2) 

C.R. 

(mmy-1) 

       ba 

(mV/dec1) 

     -bc 

(mV/dec1) 

Ecorr. 

(mVvsSCE) 

% ƞ 

30 0 3.83 0.45 414 282 -590 ----- 

100 0.39 0.04 548 470 -560 89.87 

200 0.26 0.03 695 610 -610 94.60 

300 0.17 0.02 702 626 -640 95.49 

400 0.12 0.01 713 591 -610 96.78 

35 0 4.13 0.44 394 363 -630 ----- 

100 0.67 0.08 525 430 -530 83.75 

200 0.32 0.04 591 480 -560 92.30 

300 0.28 0.03 600 506 -570 93.34 

400 0.15 0.02 643 643 -590 96.40 

40 0 5.19 0.57 335 375 -690 ----- 

100 0.93 0.11 489 544 -610 82.00 

200 0.59 0.11 544 635 -590 88.70 

300 0.57 0.11 567 427 -640 89.06 

400 0.42 0.07 556 583 -610 91.80 

45 0 5.76 0.60 369 579 -720 ----- 

100 1.00 0.37 842 356 -610 81.69 

200 0.95 0.17 779 349 -620 82.60 

300 0.86 0.16 784 416 -670 84.30 

400 0.59 0.16 824 383 -640 89.27 

50 0 5.48 0.66 321 421 -590 ----- 

100 1.64 0.19 453 503 -560 71.49 

200 1.06 0.12 513 468 -610 81.56 

300 0.96 0.11 510 440 -640 83.27 

400 0.86 0.10 394 592 -610 85.11 
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Table 2:  EIS data of aluminium in H2SO4  (pH =2.3)  in the presence of different concentrations of inhibitor CPSE 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The double layer capacitance Cdl can be calculated from equation (4) 

Cdl= C1+ C2                                      (4)  

And the polarization resistance Rp is calculated using the equation (5)  

Rp= RL+ Rt+ R1+ R2                                      (5)  

Since Rp is inversely proportional to the corrosion current and it can be used to calculate the percentage inhibition efficiency 

using the relation (3).  

 

3.4. Effect of temperature 

From Table 1 it is evident that efficiency decreased with increasing temperature. This  indicates  desorption of inhibitor 

molecules [35]. However, at higher concentration of inhibitor this decrease is small. The study of effect of temperature was 

used to calculate energy of activation (Ea) for the corrosion process in the presence and absence of inhibitor using Arrhenius 

law Equation (6) [36]. 

ln(CR) = B – ( )              (6) 

where B is a constant which depends on the metal type and R is the universal gas constant, T is the absolute temperature. 

The Arrhenius plots for the commercial sample of aluminum are shown in Figure 5. 

The plot of ln(CR) versus 1/T gives straight line whose slope = -Ea/R gives activation energy for the corrosion process. 

The enthalpy (∆Ha) and entropy of activation values ( ∆Sa) for the dissolution of specimen were calculated from transition 

state Equation (7) [36]. 

CR = RT exp( ) exp (-          (7) 

where h is Plank’s constant and N is Avogadro’s number. 

A plot of ln (corrosion rate/T) versus 1/T gives straight line with slope = -∆Ha/R and intercept = ln(R/Nh) +∆Sa/R. The plot 

of ln (corrosion rate/T) versus 1/T for   aluminium in various concentrations of inhibitor in sulphuric acid of pH 2.3 is shown 

in Figure 6. The calculated values of Ea, ∆Ha and ∆Sa are given in Table 3. 

 
Table 3: Activation parameters for the corrosion of aluminium in H2SO4 (pH=2.3) 

 

Temp. (0C) [CPSE] (ppm)     Cdl×10-10  ( F/cm2)       Rct (ohmcm2)          % ƞ 

30 0 144.5   3537.6 ---- 

100      3.2 19777.1 82.1 

200      2.1 26069.5 86.4 

300      1.1 33613.0 89.5 

400      0.8 36287.9 90.2 

35 0  235.1   3061.2 ----- 

100      3.6 17604.4 86.6 

200      2.2 20520.0 85.0 

300      2.0 27362.0 88.0 

400      1.1 33007.1 90.0 

40 0  316.7   2880.4 ----- 

100      6.5 15965.6 82.0 

200      5.2 17231.0 83.3 

300      3.1 20069.5 85.6 

400      2.7 26069.5 89.0 

45 0  456.4   2384.6 ----- 

100      8.9 13234.8 81.0 

200      7.9 14225.3 83.0 

300      7.8 15429.7 84.5 

400      4.1 19877.1 87.9 

50 0  993.6   1586.5  

100     46.7   6472.7 75.0 

200     22.1   7127.1 77.7 

300     15.4 10780.2 85.3 

400       9.1 11393.3 86.0 

Conc. (ppm) Ea  (kJ/mol) R
2
 ΔHa (kJ/mol) ΔSa (J/K/mol) 

0 17.20 0.99 14.60 −203.80 

100 78.01 0.99 75.41 −369.43 

200 83.40 0.96 80.80 −390.81 

300 88.87 0.98 86.26 −402.86 

400 107.77 0.97 105.17 –460.67 
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Figure 5: Plot of ln (CR) Vs 1/T for the corrosion 

inhibition of aluminium in H2SO4 (pH =2.3) 
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Figure 6: Plot of ln (CR/T) Vs 1/T for the corrosion 

inhibition of aluminium in H2SO4 (pH =2.3) 
 

The data in the tables show that the values of Ea of the corrosion of aluminium in the acid medium in the presence of 

aqueous extracts of seeds of Carica papaya are higher than those in the uninhibited medium. The increase in the activation 

energies with increasing concentration of the inhibitor is attributed to physical adsorption of inhibitor molecules on the metal 

surface. The adsorption of the inhibitor molecules on the surface of the aluminium blocks the charge transfer during 

corrosion reaction, thereby increasing the activation energy. In other words, the adsorption of the inhibitor on the electrode 

surface leads to the formation of a physical barrier that reduces the metal reactivity in the electrochemical reactions of 

corrosion [37].The inhibition efficiency decreases with increase in temperature which indicates desorption of inhibitor 

molecule as the temperature increases [38]. The values of ΔSa are higher for inhibited solutions than those for the 

uninhibited solutions. This suggested that an increase in randomness occurred on going from reactants to the activated 

complex. This might be the results of the adsorption of organic compound present in the seeds of Carrica papaya from the 

acidic solution which could be regarded as a quasi-substitution process between the organic compound in the aqueous phase 

and water molecules at electrode surface. In this situation, the adsorption of inhibitor is accompanied by desorption of water 

molecules from the surface. Thus the increase in entropy of activation was attributed to the increase in solvent entropy [39]. 

 

3.5 Adsorption Isotherm 

The adsorption route is usually regarded as a substitution process between the inhibitor in the aqueous solution [40]. In order 

to obtain isotherm, the linear relation between surface coverage (θ) value and Cinh must be found. By far the best fit is 

obtained with the modified Langmuir adsorption isotherm. The following Equation (8) can be used: 

θ/ (1 − θ) = KadsC                                       (8) 
where Kads is the equilibrium constant of the inhibitor adsorption process and C is the inhibitor concentration, and θ is the 

degree of the surface coverage, which is calculated using Equation (9): 

θ = IE%/100                                       (9) 

where IE% is percentage inhibition efficiency as calculated using Equation (3). 

This model has also been used for other inhibitor systems. The plot of Cinh/θ versus Cinh gives a straight line with intercept 

1/K as shown in Figure 7. The slopes of the isotherms show deviation from the value of unity as would be expected for the 

ideal Langmuir adsorption isotherm equation. This deviation from unity may be due to the interaction among the adsorbed 

species on the metal surface. The Langmuir isotherm equation is based on the assumption that adsorbed molecules do not 

interact with one another, but this is not true in the case of organic molecules having polar atoms or groups which are 

adsorbed on the cathodic and anodic sites of the metal surface. Such adsorbed species may interact by mutual repulsion or 

attraction. It is safely recommended to not determine ΔGads values since the mechanism of adsorption remains unknown []. 
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Figure 7: Langmuir adsorption isotherms for the adsorption of CPSE on Al in H2SO4 (pH =2.3) 
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3.6. Scanning Electron Microscopy and Energy-dispersive X-ray spectroscopy (EDX) analy 

The surface morphology of the commercial sample of aluminium was examined by SEM immediately after the sample is 

subjected to corrosion in H2SO4 medium of pH 2.3 in the absence and in the presence of inhibitor. The SEM image of 

corroded commercial sample of aluminium is shown in Figure 9(a). It shows degradation of sample. Figure 9(b) represents 

SEM image  of the  corroded sample after the in the same medium after the adition of CPSE. The image clearly shows the 

adsorbed layer of inhibitor molecules on the metal surface thus protecting the metal from corrosion. Results of EDX images 

are shown in Figure 10(a) and 10(b). From Figure 10(b) it is clear that there is a peak corresponding to nitrogen indicates the 

adsorption of the inhibitor molecule on the surface of the metal. The results are tabulated in Table 5. 

           
Table 4: EDX analysis result of aluminium in H2SO4 (pH=2.3) in the presence and absence of CPSE  

Medium Composition(%) 

Al O Si S        N 

Aluminium in H2SO4 92.78 7.16 0.37 0.16 - 

Aluminium in H2SO4 CPSE + H2SO4 79.02 7.16 0.38 0.06 0.28 

 

3.7. Mechanism of Inhibition 
CPSE is composed of numerous naturally organic heterocyclic compounds. Major  active constituent is reported [19] to be 

Benzylisothiocyanate the structure of same is given in Figure 11. 

Surface of aluminium is covered with thin layer of γ alumina which initially thickens on exposure to neutral aqueous 

solution with the formation of a layer of crystalline hydrated alumina. The aluminium surface has positive charge in acidic 

environment in contact with sulphuric acid [41]. Corrosion of aluminium in acid medium proceeds with following steps:[41]. 

At anodic area: 
Al + H2O → AlOH(ads) + H+ + e-         (12) 

AlOH(ads) + 5H2O + H+  → Al3+ +6H2O +2e-        (13) 

Al3++ H2O → [AlOH]2++ H+          (14) 

[AlOH]2+  +X- → [AlOHX]+          (15)  

The cathodic hydrogen evolution is according to the following steps 
H+ + e− → H(ads)           (16) 

H(ads) + H(ads) → H2           (17) 

CPSE molecule contains nitrogen and sulphur atoms which are rich source of electrons. These atoms from coordinate bond 

with positively charged metal sites at anodic area and brings anodic process under control. In acidic medium, the inhibitor 

molecule may get protonated and blocks the cathodic site, there by controlling the cathode reaction. 

 
Figure 11: Structure of Benzylisothiocyanate. 

(a) 

Figure 9 (a): SEM image for Al metal in H2SO4( pH=2.3) 
(b) 

Figure 9(b): SEM image for Al metal in H2SO4( pH= 2.3)+CPSE 

(a) 

Figure 10 (a): EDX spectrum of  Al metal in H2SO4 ( pH= 2.3) 

(b) 

Figure 10(b): EDX spectrum of Al metal in H2SO4 ( pH= 2.3) +  

CPSE 
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Conclusion 
 CPSE is a cost effective, readily available green inhibitor, for the corrosion  control of uminium. 

 The inhibition efficiency increases with increase in concentration  of CPSE and decreases with increase in 

     temperature. 

 CPSE acts as mixed inhibitor, and undergoes physisoprion during the inhibition process.     
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