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Abstract: A polynomial equation is developed to relate thecemtration of hydrochloric acid as corrosive
medium for mild steel to the variables like inhdsiconcentration, temperature and time. The intwihised is
castor seed oil. The effect of variables has beeestigated and these are optimized using 3 |leNeldctorial
design method. The model allows the predictionhef ¢xtent of corrosion inhibition at different cdiahs.
ANOVA is used to evaluate the validity of model.eTborrelation coefficient between the calculated e
experimental data indicates good performance ofrtbdel. From ANOVA, the variables and their intéi@t
effect on the corrosion rate were significant. Aximaum of 84.1% of Inhibition efficiency was achievander
the optimum conditions of 50 %v/v inhibitors contration, 48 hours time and at 303K temperature.
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Introduction

Castor oil is a vegetable oil extracted from thst@aplant its Scientific Name Ricinus communis L.
and familyis Euphorbiaceae (Spurge). Castor odlawrless to pale yellow with mild or no odour aste has a
wide range of uses. It is commonly used as a leathd for the induction of labor. In the food istiy it is
used as food additives. In medicine, its derivaibvesed for skin problem and for skin conditioni@gstor oil
is an effective motor lubricant. The presence of @blups in all the fatty acid chains makes theuatisually
polar. It is because of this hydroxyl groups orfigttcastor oil becomes valuable as chemical feekisibis a
monosaturated fatty acid in which about 90% ofyfaitid chains are ricinoleic acid, remaining isiolacid,
linoleic acid, stearic acid and palmitic acid. tiisiling point is found to be 31%". Since castor oil has high
percentage of fatty acid and the presence of &ciitinoleic acid, castor oil could be used as bitur in 2M
HCI solution. The oil formed a thin film on the fage of the metal (Fe) due to adsorption obeyinggiauir
adsorption isotherm. It offers large surface cogerdue to long chain hydrocarbons. In this workt@maseed
oil gas been used to study the corrosion inhibibmild steel in acid medium. A full factorial dgs is used
for the experiments and a polynomial equation iettged to relate the inhibition efficiency to thariables
such as inhibitor concentration, time and tempeeattihe validity of the model is evaluated by tinalgsis of
variance (ANOVA).

Experimental:

Castor seeds were obtained from local area .Tiasseere cleaned and sun dried to a moisture content
of 10 %, a level considered safe for long termagjer About 1 kg seeds were dehulled and used ér th
experiments. 250 gram sample seed kernels wereetleand then coarsely minced at low speed in albten
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for 10 seconds The condenser with soxhlet extractor was prekeat80°C with round bottom flask was fixed
and then heated to @ (temperature slightly higher than the boiling pemature of the solvent n- hexane).
The seed samples were placed with 250 ml of n-rekathe round bottom flasks, and extracted for.8he

oil was extracted and solvent was separated urassum. Separated oil was dried over anhydrous sodiu
sulphate.

Physicochemical analysis of the seed oil for iodm&ie, acid value, saponification value, viscgsity
flashpoint, specific gravity, refractive index afide acid value has been performed according ttidnedard
methods is shown in table -1. Removal of color axidizing bodies, residual gums, soap and tracalsdly
mixing oil with special adsorbents activated clayd eheated to about 1. The adsorbents containing
impurities and oxidation product are removed arch thitered.

Table-1: Physicochemical analysis of Castor seed oil

Sl. No. | Parameter Castor seed al

1 Refractive index 0.9102

2 Viscosity (st) 5.9

3 lodine Index 118

4 Ash content % 2.5

5 Acid Index( mg KOH/qg) 2.4

6 Saponification value 179

7 Flash Point (C) 179

8 Fatty acid value ( as Oleic) mg. KOH/g oil 0.99

Weight loss method

All corrosion inhibition data were obtained througleight loss experiments based on mild steel of
surface area 5x1cnwith elemental composition of, C (0.043%), Mn (0.338%i),(0.031%), P(0.041%) ,S
(0.023%), Cr(0.047%), Mo (0.016%), Ni (0.019%) &r@l(99.437%). The blank solution was 2M Hydrocldori
acid. From the stock solution of the extract, défg concentrations of the inhibitor test solutioasging from
5% to 50 % v/v were prepared. The steel specimeate wleaned with acetone, washed with water, cmet
weighed to 0.0001 g precision. Two results wergayed for each inhibitor. The specimens were imetkis
acid solutions containing various concentrationshef inhibitor for 24 hours and 48 hours at 303 amnd K.

The specimens were removed washed with water aied.dfhe mass of the specimens before and after
immersion was determined using an electronic digasancé.

Factorial design: The experiments were conducted as per standards wstigate the given parameters
affecting significantly the corrosion rate and aldwe independently controllable predominant process
parameters. The parameters considered for thetigatien are temperature, concentration and %irfievo
levels of each of the three factors were usedHerstatistical analysis. The treatment combinatfonshe two
levels and three factors are tabulated in Table-2.

Table -2: Factorial design of the corrosion process showiegtment combination

Variables Actual value Coded value

Low level High level Low level High level
Inhibitor (%v/v) (A) 10 50 -1 +1
Time (Minutes) (B) 12 48 -1 +1
Temperature OC (C) 303 311 -1 +1

The factorial design describes which factor showserimpact and influences the variation of one
factor on the other factors. A full factorial desigith three variables [Amount of inhibitor % v/Reaction
time (minutes) and temperature (k)] is shown in table-3. The optimum values of the variables were
calculated with MINITAB 16.

To calculate the main effect we average the resgmoifor the variable at high level and subtract the
response at the low level .This will be equivalenimultiplying the response (% IE) by coefficientdumn for
the variable (A,B,C) and dividing by half the numioé experiments as shown in table-3. The maincefjeves
the relative importance of each variable. Numelydalrgest effect is for inhibitor concentrationaiable A),
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followed by time (variable B) and temperature (shte C). A positive effect means the responseghédri at
the higher range of variable.

Table- 3: Statistical parameter design and Main effectseteminine the significance of response for the given
variable

A B C % I.E A B C

1 -1 -1 65.00 50 -12 -30
1 1 1 41.76 50 48 38
-1 1 -1 45.67 -5 48 -30
-1 1 1 36.33 -5 48 38
1 1 -1 83 50 48 -30
1 -1 1 47.34 50 -12 38
-1 -1 -1 32.33 -5 -12 -30
-1 -1 1 29 -5 -12 38

Main Effects : 45 36 8

A mathematical expression to describe the desigmixnzombination mentioned in Table (2) as low
and high level of each factor and its correspondioigosion rates mentioned in Table (3) in coderazgion
Rate = f (A,B,C) Where A is inhibitor concentratjd® is the time and C is the temperature. The almodel
includes the effects of main variables first ordad second order interactions of all variables.rd@loee the
general model equation is given as:

Corrosion Rate =p0 +p1*A + p2*B + p3*C + p4*AB + p5*BC + p6*CA + B7 *ABC

Wherep0 is the average response of corrosion RateangR 3, B4, 5, 6 andp7 are coefficients associated
with each variables A,B ,C and interactions. Tégression coefficients and the associated affeetsteown in
tables-4. The significant factors are identified dnalysis of variance techniquéased on the experimental
results, a multiple linear regression model is tigved and the effect of 95 % confidence levelstiier extract
was presented in the table 4. A regression thusrgéed establishes correlation between the sigmifiterms
obtained from ANOVA, namely temp, inhibitor and &non the corrosion rate were statistically sigaific
Substituting the coded values of the variables oy experimental conditions in the above equatiua t
corrosion rate vales for the corrosion control idreof the mild steel can be calculated. The dewetd model
equation is expressed as

Corrosion Rate = 47.54 +11.13 A +4.136B -8.946 A-031AB - 5.779 BC -3.699 AC -1.196*ABC

The above equation has been used to predict thesoom rate of the mild steel. The results of timedr
regression model table -4 for castor oil showed tiha inhibitor is the most important variable witie main
effect of +11.13 mpy followed by temperature (Cxhwi8.946 mpy and time B with +4.136 mpy. The
regression revealed that temperature negativehadteol the inhibition efficiency of castor seed ail mild
steel. The effect of inhibitor concentration wassinpronounced as seen from the value of coefficiénhat
variable in comparison with the other. It can beatoded that when the effect of a factor is positw increase
in the value of the inhibition efficiency is obsedvwhen the factor changes from low to high leietontrast,

if the effect is negative, a reduction in inhibitiefficiency occurs for high level of same factor.

Table-4: Statistical parameters fof esign

Factor Degree of freedor Coefficient Effect
Averaqe 47.5¢

Inhibitor Concentration 1 11.13¢ 23.44.
Time 1 4.13¢€ 8.27¢
Temperature 1 -8.946 -17.893
Inhibitor concentration 1 -1.031 -2.063
Inhibitor concentration * 1 -5.779 -11.558
Temperature

Time * Temperature 1 -3.69¢ -7.39i
Inhibitor concentration * 1 -1.196 -4.392
Temperature * time
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Analysis of variance

The results of ANOVA are presented in the tabl@te analysis was evaluated for a confidence level
of 95 % that is for significance level of § 1 +75.59,all effects presenting F higher than 5.59%hstatistical
insignificance. The F —value for all models wasslésan 0.05, and then the parameter or interactionbe
considered as statistically significant. From thielé-6 it is observed that the temperature (Chitdn (A) and
time (B) are significant model terms influencingrosion rate of mild steel, since they have obthiRevalue
less than 0.05. Although the interaction effectasfiperature with inhibitor (AC) was consideredistzally
insignificant since their F- values are greatent@a@5, and hence it is neglected. From the Pegalit appears
that the main effect of each factor and the intivaceffects are statistically significant whenspgess than one.
Therefore the two ways interaction time and tenipeeas statistically insignificant.

Table- 5: Analysis of variance-full fitting model for Castseed oll

Factor Sum of Degree of Mean Fvalue | P —value

Inhibitor concentration 1099.10 1 1099.10 3.90 0.120

Time 136.87 1 177.379 0.57 0.492

Temperature 640.28 1 728.284 2.34 0.201
Interactions

Inhibitor concentration *Time 8.51 1 2.344 0.01 0.928

Inhibitor concentration 267.15 1 231.08 0.12 0.750

Time * temperature 38.59 1 38.59 7.23

Residual 0.00 2 311.200

Total 1995.95 7

Multiple R =0.903206 , R-Sq = 0.815781, R-Sq(adjp.67717 and Standard Error= 10.29191

The various parameters chosen for the confirmagsh are shown in the table -6. The results of the
confirmation tests were obtained and comparison® weade between the actual corrosion rate valuds an
predicted valu€€. The model predicts much more increase in inkibigfficiency with high and low levels of
inhibitor concentration, time and temperature.

Table-6: Comparison of the Actual with the predicted regultmild steel using Castor seed oil in 2 M
hydrochloric acid.

Sl Inhibitor Time | Temperature Inhibition Predicted Residual
No. concentration (min) (k) Efficiency (%) redicte esiduals
1 1 -1 -1 65 64.08¢ 0.91¢
2 1 1 1 41.7¢ 54.46¢ -12.70¢
3 -1 1 -1 45.61 48.91¢ -3.24¢
4 -1 1 1 36.3¢ 31.022! 5.307¢
5 1 1 -1 83 72.357! 10.642!
6 1 -1 1 47.3¢ 46.192! 1.147¢
7 -1 -1 -1 32.3¢ 40.642! -8.312¢
8 -1 -1 1 29 22.75 6.25

The inhibition efficiency decreases with increasetémperature shown in table-7. The maximum
inhibition efficiency is lower at 311K than at 308 This is due to the dependence of adsorption on
temperature. As the temperature rises, the quaaditprbed decreases and as a result, the isotlerigpher
temperatures is below the isotherm of lower ondse ®ecrease in inhibition efficiency with increagin
temperature may be due to weak adsorption interactihich is physical in nature. The values of thger
constant was calculated using the first orderleate k = (2.303/t) log ([&/A]), where [A] is the initial mass of
the metal and [A] is the mass corresponding to‘tiniEhe half-life (t,,,) was calculated using the relationship
t12,=0.693/ k. The values of rate constant and hadfdibtained from the above relations were summaiized
Table-7. Half life values were found to be consttrdifferent concentration level.
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Table-7: The values of rate constant and half-life for¢berosion inhibition of mild steel in castor seed o

Concentra| Corrosion| Surface Rate Corrosion| Surface Rate .
. Half Half life
Tion, Rate coverage| constant life(s) Rate coverage| constant (s)
(% viv) (mpy) (6) (Kis) (Mpy) (6) (kis)
Temperature 303 k and Time 12 hours, 2M HCI Temperature 303 k:g(lj Time 48 hours, 2M
Blank 27212.33 27212.38
5 18368.32| 0.325 0.0098 70.41 1469466 0.46 0.006999.66
10 17143.77 0.37 0.0086 80.16 14150/41 0.48 0.0066.03.99
15 16599.52 0.39 0.0082 84.49 1265373 0.535 0.005915.91
20 16599.52| 0.423 0.0076 91.64 12653]73 0.567 6.005 122.84
25 15701.51| 0.434 0.0073 94.46 1178294 0.589 @.005 127.61
30 14041.56| 0.484 0.0066 104.86 10912\14 0.599 58.00 129.77
35 13225.19| 0.514 0.0062 111.36 9714.801 0.643 40.00 139.31
40 11891.79| 0.563 0.0057| 121.98 8245.335 0.697 46.00 151.01
45 10694.44| 0.607 0.0052 131.51 6286.048 0.769 40.00 166.61
50 9524.315 0.65 0.0049 140.83 4353.972 0.84 0.003881.99

The effect of temperature was studied for the givamcentration of inhibitor AG®,4s is a
thermodynamic property, which shows a strong cati@h with the energy, volume and with the inhiiti
polarisability. Values of the free energy of adsiom (AG’qJ at various temperatures were calculated using the

=]
(1—e )

following equation AG’s = - RT In (55.5K), Where K is equilibrium constz = , 8 =degree

of coverage on the metal surface, T is the tentpexan Kelvin, C is the concentration of the initor and R

is the gas constant. With the help of the tempesastudies results, thermodynamic parameters ssichea
entropy of adsorptionAS’) and enthalpy of adsorptionl®) can be calculated from the from the slope and
intercept respectively. Th&G s values obtained indicate that adsorption of casted oil is spontaneous and
follows physical adsorption mechanism. Generdll§G . values are up to -20 kJ/mol there is consistence i
electrostatic interaction between the charged nastdlcharged molecules, which signifies physicabggtion,
while values more negative than -40 kJ/mol sigmifiemical adsorption. The values &ifl andAS (table-8)
infer that the adsorption of esters present inocasgted oil on mild steel is enthalpic and entrapiatrolled.

Table-8 Calculated values dfG’.4AH°and AG’ for the corrosion of mild steel in 2M Hydrochlogcid in
various concentration of Castor seed oil

AG g
Ilf)mp' AH® | AS Inhibitor Concentration ( % v/v)
5 10 15 20 25 30 35 40 45 50
303K | 5117| .8555 -8-08 | -9.72| -10.71 -11.39p -11.95 -12.88 -12|78 163.-13.55 -13.94
311K | _.0147| 7945 -7.76 | -9.54 | -10.59 -11.38 -11.99 -12.48 -13/00 563.-14.31| -15.30

The isotherm models such as Langmuir and Freundliete studied and described the equilibrium
characteristics of adsorption. Assumptions of Lamigrelate the concentration of the adsorbate éntthlk of
the electrolyte (C) to the degree of surface cayeid) according to equation :C8)(= 1/Qm b + C/Qm, Where
Qm and b are Langmuir constants related to sorgfticiency and energy of adsorption respectivelihe
linear plot of C/@) vs C suggest applicability of Langmuir isotherfilne values of Qm and b are calculated
from slope and intercept of the plot and are listethe table-9. From the results, it is cleat tin@ value of
adsorption efficiency Qm and adsorption energyaases on increasing the temperature. Freundlitheiso
represents repulsive interaction between adsoretesparticles is based on heterogenous surfgcesenting
the binding sites which independ&rithe logarithmic form of Freundlich equatiorrépresented as log @)(
=log K¢ + 1/n log C ,Wheret) is surface coverage and C is the concentraficasior seed oil (% v/v) ,dand
n are constants which integrate the factors affgdhe adsorption capacity and intensity of agson,
respectively. Linear plots of log ®)( versus log C shows that adsorption of casted sl obeys the
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Freundlich isotherth The K and n values are given in table-9 indicating thensaneity of adsorption, hence
stability of adsorbed layer is higher at 303 K.

Table- & Langmuir and Freundlich isotherm results

Langmuir Isotherm Results Feundlich Isotherm rasult
Tempertur — —
. . Statistical constants Statistical constants
in Kelvin >
R Qm b R2 Kf n
303 0.939 0.7412 0.081 0.938 5.358 1.416
311 0.938 0.903 0.098 0.938 3.5399 1.326
Conclusion

ANOVA results revealed that the parameters (A, ERare statistically significant with F-values less
than 0.05 for the inhibitor. The interactions extatd sufficient influence except for higher temgara and
were statistically significant. The results obtairtgy regression equations closely correlate ealérathich
validate the regression equations developed. A ggodement between the predicted and actual corroate
was observed. The developed mathematical modeldeamsed to predict the corrosion values in terfins o
corrosion control process parameters obtained famy combinations within the ranges studied and also
employed for optimization of the process parametdrmild steel with respect to corrosion controlues.
Experimental data showed that in the presenceffeireint concentration (5 — 50% v/v), castor se¢dihbibited
the corrosion of mild steel in acidic medium. Thaibition efficiency increased with increase in thhibitor
concentration and with decrease in temperaturerigad a physical adsorption. The highest efficient84.1
% was observed at the optimum of 50 % v/v for gasted oil in the acid solution and the effectrofriersion
time of the inhibitor was attained at 48 hours anthe temperature of 303 Kelvin.
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