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PRE1',ACE 

Al though organic corrosion inldbi tors are in 1idd,espread 

use and their effectiveness is conceded, especially in the protec­

tion of iron or ferrous alloys in acidic solutions, the mechanism 

of inhibition is olJJscure and dis1mted. For ·this reason, the 

screening of inhild tors has been trial and error. 

To assist in the comprehension of inhibition and to 

provide a sound basis for selection of inhibitors, I have att.empted 

to relate the mechanism of inhibition to an adsorbed film of inhib­

itor on the surface of the metal offering an ohmic resistance to 

the corrosion current. 

I wish to express my sincere appreciation to Dr. S. Po 

Ewing, my major advisor, whose assistance ancl umlerstanding was 

primal in the success of this research; to th,e other members of my 

cmlllllli ttee for th,eir guidance; to Dr. Franklin Grayl::Jill for his aid 

in statistical analyses; to the Research .Apparatus Development 

Laboratory for their excellent service in equipment building and 

maintenance; and to the Jersey Production Uesearch Center of Tulsa 

1v-hose financial support facilitated the successful completion of 

this work. 
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CHAPTER I 

INTRODUCTION 

In the field of corrosion inhibition certain chemicals 

vrhen added ·to normally corrosive liquid media will inhibit the cor­

rosion of metals in these media. Additions of soluble hydroxides, 

chromates, phosphates, silicates and carbonates decrease the cor­

rosion rate of iron and other metals in aqueous solutions by anodic 

inhibition, keeping in repair or forming a protective film on the 

metal surface. Magnesiulll, zinc or nickel salts react at cathodic 

areas ·to form insoluble hydroxides over the surface as a barrier to 

further reduction of oxygen in the cathodic reaction. 

In this field, polar organic substances and colloids have 

found use as inhibitors of corrosion, especially in acid solll:tions. 

These include the nitrogen containing compounds such as aliphatic 

ancl aromatic amines, py1·idine, quinolirrn aw:l acridine and their 

substitution products; oxygen containing co1ni:>otmds such as al,de­

hydes, ketones and organic acids; sulfur containing co:mpounds, 

usually the mercaptans. Of th,ese, the amil1es are in most general 

use and are incorpora-t.e,d in ntany of the ccmunercial inhibitors. 

Inhibition by organic che:micals has been e:irplained on 

the basis of retardation of the cathodic or anodic process similar 

to inorganic inl11.ibi tors. Because of the posi ·l;i ve charge asrsoch1.ted 

with an ,amine, an electrostatic a:~traction between the Cli1thorlic 

1 
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areas on the metal and the amine has been postulate1:l as a mechanism 

for adsorption of the inhibitor on the metallic surface. On the 

other hand, inactivation of electrons of the metallic surface and 

prevention of electron flow by a complexing reaction would inacti-

vate anodic areas. In the first instance as a ~o-called cathodic 

inhUd tor, the cathodic reaction, hydrogen evolution, would be 

retarded, i.e., an increase in llydrogen overvoltag;e. In the second 

case as an anodic inhibitor, the anodic reaction, metal dissolution, 

would be retarded, in effect a passivation phenomenon. A third 

mechanism, involving general adsorption of the inhibitor blanke·ting 

the surface and offering an ohmic resistance to local action cur-

rent introduces th,e concept of mixed inhibition. 

The mechanism of inhibition has been explained in differ-

ent ways by different investigators. An enigma still exists as to 

·f;he mechanism.; therefore, the purpose of ·l;his worl[ is the inv,esti-

gation of one of the theories, nainely, that of ohmic resistance, 

to det,ermine if there is correlation be-1:,ween resistance and 

inhi 1Ji tion. 

The resistance of an adijorbed film cannot be measured 

directly with any degree of accuracy, but may be calculated indi­

rectly using measurable quantities. 1 In a freely corroding 

electrode, the local action current follinrs the sim:ple Ohm's La1~ 

relation 

iL E E E E (1) 
C a C a 

= R 11 = 
+ r + r a C __.! _£ 

A A 
a C 

1see Appendix A for complete derivation. 



where st(bscri:pts denot,e cathodic and anod.ic si ·ties. fi'or 11:uudmum 

current flow, the rate of change of iL with respect to the anodic 

area A is zero, (assuming that the total area is made up of 
a 

anodic and cathodic areas only with no insulated spots, i.e., 

+ Ac = 1), d.iL 

di!1,. 
a 

('T ) 2 then r .l( I 

a a 
r ('' ) .ll 

C C 

= 0 

"" (E ~ 
E ) I~, 

0 a 
(E 

C 
E ) a 

(2) 

When a current i is apJ1lierl to a corrorling cou111on, the 
e 

resulting potential is: 

where 

E 
i 

l:1. It 
a C 

E 
0 

R + It a C 

and th,erefore, 

Vr r a C 

- i e 
R a 

(n 
a 

v;·-;_:-
a C 

E - Jll:. _o_, __ !, 

i 
e 

The solution of ( 2,) 

]~ - ]i: E -
d ( (!'") an o 

E. 
r a o -2, ____ !, r 

a -·---··"·"'""- ::r{ 
E = E i 

0 C e 

yield.s the 

E - E E - E. 
0 C 0 1 

C -·- X ----
E E i a 0 e 

from which a resistance type l!Iteasurm.tHint may be d.etermined. for 

cathodic and anodic areas. 

(3) 

(4) 

(5) 

rrhe trer1111s R and II, ar1e resistances in series to local ·a C 

action current. A direct measurement of resistance of a film by 

i~rressed current does not give a true picture since anodic and 

cathodic resistances are in parallel to impressed current. By the 



very nature of resistances in parall,el, an increase in R and/ or 
a 

R would show only a small increase in resistance with respect to 
C 

im1iressed curFent, whereas a large incr,ease may actually exist 

4 

with respect to the corrosion currer~. This means that separation 

of the resistance terms is necessary. This, in effect, is what 

has been accomplished by equation (6). 

J!ussuming that the anodlic reaction is db1solution of iron 

to ferrous ion, and the cathodic reaction the evolution of hydro-

~~en, then: 

E 
a = -0.685 + 0.0295 log 

E = -0.244 - 0.0591 pH 
C 

(l81 ++) 
e 

and 

(8) 

By fixing the concentration of ferrous ion and measuring pH, the 

terius E and I~ .are d,etr~rm.in,,Hl 1ly the a1JoYe Nernst relationships 
a C 

( expressed iu term.s of tlui saturated calo11rnl electrode). 

rirJhe quantity E - l~. is the sloJpe of the line relating 
0 1 --··---i 

e 

iinJi:iress,ed current to the resulting JiJio·t.ential lG. where E. == E at 
Jt · 1 l 0 

i = O. A linear relationship is obtained at low current densi­
e 

ties in the region where the polarized potential is close to the 

corrosion potential (23)~ 

l1revious investigations on orga1uc inhi lli tors hav,e b,een 

done using highly corrosive media such as sulfuric acid. That 

organic co~pounds are icable in mildly corrosiYe media is 

,evidenced by the gr,eat quard,i ty of tl1es,e ava.i 1 al1l e on the market 

for corrosion inhHJiti on in other tllu;u1 11iclding OJperations. With 

this in mind, and also the fact that in practice, corrosion for 
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the most part occurs in other than highly acidic solution, a rela­

tively mild corrosive enviromnent was selected for the study. 

Since corrosion by dissolved carbon dioxide is of practical im­

portance, especially in the petroleiun industry, the investigation 

in this dissertation was carried out in a water solution saturated 

with carbon dioxide at 25° C. 

Limi ta ti ons of ·the Study 

'I'o evaluate the applicability of tlH~ ohmic resis·l;ance 

theory, the current-potential relationship was determined only at 

low current densities. A com}'.irehensive coverage of the problem 

would entail considerably higher current densities to determine 

the Tafel constants for investigation of ·the hydrogen overvol tage 

theory. 

Review of the Literature 

The investigati 011 of organic inhibitor mechanism has lie en 

so extensive that it would be impracticable to cite comprehensively 

all ptiblished material. Rather, the more recent and the most per­

tinent literature will be offered emphasizing the conflicti11g 

argumeuts. 

The adsorption of an inhibi·tor, ei·ther chemically or 

physically, by the metal is geuerally accepted. Mann, Lauer antl 

Hul tin (17) stated that in a solu,tion containing ammonium or 

ammoniwn-like ions, the positive iron ions released by a corroding 

iron sample are replaced on the metal by the a1nmonim11 ions ana­

logous to the hydrogen ion replacement in corrosion. Unlike the 
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hydrogen ion ·type of replacement in which depolarization is effected 

by the neutralization aud r,el ease of hydrogen gas, the mmuonium 

ions are held to the negative surface of the metal and form a 

dou101le ionic layer, acting as a prot,ective layer. That this ,vas an 

adsorption phenomenon was shown by the straight lines obtained in 

the logarithmic }Jilot of }Jercent effectiveness in re{lucing corrosion 

versus inhibitor concentration in percent nitrogen. The covering 

}JOwer of an amine inl11.ihitor and hence its effectiveness at low con­

centrations was explaiuieiol in terms of the stereochemistry of the 

molecule. 

In early work on organic inl:ili bi tor inec]umis:m, ChapJpel et 

al (4) adduced the effect on hydrogen overvoltage by a blanketing 

of discharged iuhi bit or adsorbecl on cathoclic areas. They measured 

hydrogen evolu:ti cm in inhibited and. non-inhibited solutions noting 

a dilltllinution of hydrog,en evolution in the inhil:iited solution. They 

further su"J:J1Stantiated their theory 1oy eurrent-yrntential 111easure1111ents 

noting that cathodic potentials were affected to a greater degree 

by inhibitor than were anod.ic. 

R.ho,cles and. Kuhn (22) using heterocyclic organic compouncls 

of ni trog;,en based the iuJd bi ·ting JJower of these cmnpounds on the 

}JiBrcentage decrease in rate o:f format,ion of hydrogen l1y the 1:,ction 

of dilute sulfuric acid on iron. They found that cyclic compounds 

containing an atom of nitrogen in the ring were the most efficient. 

Increasing molecular weight by the addition of alkyl, phenyl or 

amine groups inereasecl tirn il'tl1i1Ji·ting action wi·th the most effi­

cient inhibitors l:HJil1.g derivatives of acricUne. 'l'hey attem:pted to 

measure an interfaeial resistance layer for1ued by th,e ~ull.sorbed 
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inhibitor on the metal by using an impedance bridge and an A.Co 

source with the cell in one leg of the bridge. They found there 

was a small increase in resistance with the addition of inhibitor 

but could not quantitatively relate inhibiting efficiency and re­

sistance. They concluded that inhibiting action was not due solely 

to the resistance of the film but to some specific property of the 

adsorbed film. That the authors realized only a small increase in 

resistance may be attributed to the fact ·that with the type of 

apparatus used a composite parallel resistance was measured. In 

actuality, tlle resistance of interest is made up of two series 

resistances,, 

The resistance film theory of inhibi·tion and general 

adsorption over the whole metal surface was asserted 1Jy Machu ( 16) 

in the pickling of iron in sulfuric acid. He pro·testerl the pre­

ferential adsorption on cathodic sites by reference to the 

dissolution of oxide scale, which is cathodic to base metal, and 

the protection of bare metal in inhibited solu·Uon, and averred 

that a resistance film of three oh:111s was suffieien.t for protection. 

Machu gave no details as to the experimental procedure other than 

that current-po-1:,ential relationships were determined. He o'btainecl 

a linear relationship between applied voltage and current and noted 

an increase in slope with the addition of inhibitor. However, with 

the range of currents used (0.1 to 0.5 amp/em2), Machu was beyond 

the range of linearity. He admitted to o:irygen evolution in his 

anodic curves and, therefore, his data lie in the Tafel region, 

which region is semilogarithmic in the relation between logarithm 

of the current and pot,ential (25). What Machu called resistance 
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should Ji.ave been cleterxuined as the Tafel slope. 

]Jockris and Conway (2), 011 the other hand., found that 

hyclrogen overvol tage 011 iron incr,eased cn1. addition of organic cor-

rosion inhibitors and decreased 011 the addition of activators. 

Measuremerrts were made vdth an electronic coi11mutator in n-J:1ich the 

working electrode is connected alternately with the polarizing cir-

cui t and the 1ueasuring cireui t. 'l.1I.1erefore, ,dien the potential of 

the electrode is actually being measured no polarizing current is 

flowing. The authors found there 'i~as negligible ohmic overvol tage 

and, ther,ef ore, ,cli sc Ol1mted the adsor1J>ed film ·theory. 'fhe imlirect 

or coummtato]~ ru,e·thocl ilrtro(luc,es error in ·/;;he determination of 

potential in that the electrode potential will decay on cessation 

of ]polarizing c11rrent and the true 1J1olarize<Cl potential will not be 

obtaine1L 

Elze and Fischer (5) confirmed the raising of activation 

overvoltaii:e for hydrog,en evolution in their 1rnlari:lation studies 

of iron in hydrochloric acid. 1~ey found that metal solution over-

voltage was little affected by inhibitors. 

Hoar (15) irneasurecl the effect of various irLhiliitors ou 

the corrosion potential of mild steel in ten percent sulfuric acid 

solution. Ile found that in most cases the corrosion poterrtial was 

increased in the noble direction. On the basis of this alone, he 

concluded tluid; organic inhild tors affected the anodic r1eaction to 

a greater extent than the cathodic. His technique for measuring 

potentials was uni1r;rue in that ·Urn liquid junction 1J·etwe1en the cor-

roding sample arnl the Sb/SlJ".10,:,· lu~lf c,ell co11.sist,eti of a strip of 
"'' oJ 



corrosion cell and the antimony half cell. '!'he anomaly in I:[oar 1 s 

findings was the fall in potential to a less noble value for addi-

tions of o-tolylthiourea ·1i"i1hid1, bas,ed on his criteri()Il for a,cllsori:1-

ti on, indicates tb.at initially this inhi 'bi tor is cathodic. No 

corrrilation lJetw,e,en p1otenti,i!11.l shift .ancl inhi1:i,itor effectiveness 

could be established. The inhibitor which was 98 percent effective 

shifted th,e JHrtential only + B millivolts. Another, which was 03 

percent effective, shifted the potential+ 63 millivolts. 

1:iy far ·tlb.i::, most coJnprehensive treatI111e11-t of the sulJji?ct 

of iuJlildtors has bieen given lJy Hacken.1uu1 anil his associat,es (7), 

dealt vdth tlui mechanism of adsorption of the inhil:Jiitor on tJrn 

metal surface. It was found that curves of electrode potential 

plotted nst iI111i'bi tor concentration cou.1,rl be fitted to an 

equation 101asecl 011 the Lang,riimir isotherm. .il1lsor1Jtion anil ,clesorp,­

tion studies (8) of organic acids, amirurn, and esters in benzene 

solution 011 SJ.ill 1 OfW s·t,eel 1rnw(ihn· sihLowed that r:rnm.e 1iorti ou of the 

sorbed material could not be desorbed by fresh solvent. Acids and 

amines vver1e ads or"!JJetl to a great,1n· ,extent than est,ers. :F'urth,er 

adsorption studies along; tl.11.e s,11,J'Iile l ilu!s for do,rlecyl c or1r11Hmnd.s ( 10) 

included data on inhi 1Jii ting JJow,er. It was f Ol1Lnd that. 1[liam1in11~s w·ere 

adsorb,ed through b,oth amine groups; andne salts were not as effec-

tively adsorbed as amines; hi molecular weight q[uat,ernary salts 

were strongly adsor1Jiedo Inhibitor r,ff,ectivenier~s was based on rate 

of hydrogen evolution f1·om th1e iuhi1Jiteu:l solutions as co111IJ?ar,ed with 

the rate froI1:i the uninl:itil1it<ii:id solution. 'l~h,:::,se m,easurellUO:!nts show,ed 

that quat,ernary salts 'liirere the most i,JJf.fectivB inhibitors followed. 
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by di amines, monoamines and 111.onoamine acetates .. 

On the basis of his previous work and the findings of 

others, Hackerman discussed the action of organic inhibitors (11). 

In his paper, inl1ibition is explaine~ as resulting from increased 

resistance to current flow caused by electrosta"l:,ic adsorption at 

cathodic areas and from anodic polarization caused by ehemisorption--

the relative contribution of each depending upon the inhibitoro 

Chemisor1Jtion at anodic areas is looked upon as complex forma·tion 

in situ since many compounds (including anunonia type) are capable 

of forming complexes ,ri th metal ions o In this instance, complexing 

is effected not with the free ion in solution but with the metal 

ion on the surface as postulated by the free electron theory of 

solidso The strength of the iron-amine bond is a function of the 

electron density on the nitrogen atom and the availability of 

those electrons for coordinate bond formationo The basicity of 

the amine was taken as the basis for the electron density. The 

relative order of inhibitor effectiveness of aliphatic amines ,n1.s 

given as 

where R is methyl and 

NH < RNH < R2NI-I < R'!l':N 3 2 .., 

where R is ethyl, propyl, butyl, or amyl. 

A Pearson NuV Bridge was tested as a quantitative tool 

for evaluating inhibitors (9) since changes in polarization char-

acteristics of a metal may be determined by this methodo Hacker111an 

found that results with this bridge gave about 70 percent correla-
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tion with other m,etl11i,,chl as far as in.b.ibU:;ing mechanism i,•vas con­

cerned. He concluded that j,he bridge in its 111rese11t form war~ not 

ap1)licalJle as an instrument for inhHJlitor evaluation. 

IIackerman cliscussed -the physico-chemical aspects of 

corrosion inhUJi tio,n in gen,,eral, in a J[)Urely quali tati v,e way, 

expressing the views and findings of researchers in this field in 

terms of kinetics, solution chemistry, interfacial no1:JJ.,('n'J.a, ,etc., 

(7). He concluded that the divergent views were not irreconcilable 

l:m.t that, because of t.he coi1111plexi ty of corrosion on the ·1id.1ole, anrl 

the specifity of certain corrosion Jprolile:m.s, a univ,ersa.l inhiibitor 

may not IJe possible, ·but rather 12!ach circu1nstance i:nay re,q_uire its 

own "prescription". 



CHAP'll'ER II 

METHOD JU>J:D PIWCEDlHU~ 

ilpparatus 

Electrolytic_Cell 

The H shaped experimental cell was fabricated of glass, 

the legs of the H forming the separate anode and cathode compart-

ments. (See Figure 1) A disc of fritted ass 't1Tas s,eal eel ii1.idway 

in the cross bar of the cell to maintain a liquid junction between 

the emn1nirtnH,n1ts, and to }Jreven·t reaction products from the au::dl­

i ary el ect1·cule reaching the co111.i]artJnen·t contaiuing the eJqperi110tental 

electruH:le. 

The auxiliary electrod.e ,,vas a 11latiuum iuesh cylinder and 

was positioned in one cell compartment by a rubber stopper. 

'fhe experi1wental el,ec-l;rode was a on,e incI11. diamet,er by 

one inch cylinder of .Armco iron stHtled in .Armstrong's c7 e1Joxy 

plastic to expose only one circular face. Electrical connection 

was nmde by soldering a one-eighth inch copper tube to the iron 

electrode. 'fhe copper ·tube was bent in such ~L way as to position 

the iron specimen with the exposed face up. The copper tube was 

encasecl in 11lastic to form an inert f!teinr1 for fixin1:1; the el1~ctrode 

in the cell. 

To insure saturation of the electrolyte with CO 2 and 

12 
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prevent impingement of CO 2 bubbles on the electrode surface, as 

well as to provide agitation of the electrolyte, the air lift prin­

ciple was utilized. This was effected by sealing a section of 

glass tubing around a fri tted glass stick dis1::nerser through ,1,hich 

CO2 was passed. 

The iron electrode, gas disperser and B~ckman 8970 

calomel electrode were positioned in the larger compartment of the 

cell through an 0-ring gasketed plexiglass cover. The two elec­

trodes were fitted through the cover by rubber stoppers, the glass 

dis1H:rser by a small 0-ring and threaded nut which acted as a 

mechanical seal against the 0-ring. 

Q!irrent Stabilizer 

The stabilizer circui"I; devieloped by I!,ruee and Hickling 

(3) was modified by changes in components to cover a eurren·t range 

of 10 to 250 microampereso (See Figure 2). 

Auxiliaries 

l. A Leeds and Northrup No. '1655 Potentiometer was used 

to measure the potential diff,erence bet,ween the saturated calomel 

electrode and the iron electrode for various impressed curren-tso 

2o A 200 v. D.C. power supply acted as the cuJL•rent 

source for the cell. 

3 o A Siimpson Vol t-Ohm-Mieroammeter Model 269 was used 

to measure tlle impressed currents in the el,ectrolytic cell. 

Corrosion Cell - (Static Test) 

One quart Mason jars fitted with No. 14 rulJber stoppers 

were used in determining the corrosion rate of Armco iron samples 

in inhibited carbonic acid solutions. JEi'our strips, one inch by 
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thr,ee inches lJy twenty-five mils thickness ·were suspended from the 

stopper by glass hooks. (See Plate I) A fritted glass stick dis-

perser and close fitting glass tube chimney surrounding the stick 

disperser were incorporated to keep the solution saturated with 

r,espect to CO 2 o 

Experbtien·tal Procedure 

The cadrnnic acid solution was pre])Bred 1JJy reiclistilling 

distilled. water to which potassium 1111ermanganate was add.ed to oxi-

1Uze the im1,urities. To insure tlrn alosence of 01"ygen, the dis-

tillation 1,vas carried out under a nitroi~en blanll,::e·t in ·the d.istilla-

tion flask;C0 0 which was passed over hot copper turnings to remove ,~ 

oxygen was bubbled through the distillate as it was collected in 

one gallon polyethylene bottles packed in ice. In this manner, air 

free carbonic acid solution was made directly, warranting a solution 

saturated with 00 2 at 25° C. The solution was kept refrigerated 

until ready for use. 

'11 0 ,rleterndne the oxygen co,ntent of tl1Hi 1el ect,rolyt,e, a 

Winkler test (27) ·w·as run on th1e r:iolutious. These tes-1:,s showed an 

with water at 25° C. saturated with air which co1Ttains 7.2 11.p.i:1m. 

oxygen. 

'I']rn exJHJrimental electrod,e described. previously was used 

throughout the research. 'I'he electrode 11,•as r,ecast in plastic ,vhen 
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the plastic showed a tendency to pull away from the iron specimen. 

Preparatory to a run, the iron surface was abraded by a 

file and 240 C emery paper, and polished with 4/0 emery paper. The 

surf ace ,,as tben cleaned with acetone and etched for one minute in 

a l: 3 by volume 1IN03 -water etching solution. Following the etch, 

which gave a well defi11ed crys-1:,alline surface, the electrode was 

scoured, rinsed and stored in a vacuum dessicator for one hour. 

Cell Preparation 

All components of the cell were thoroughly cleaned prior 

to a run. Any contaminant, especially amine from a previous run, 

adversely affected the succeeding run. All glass compo11ents were 

cleaned with HCl and chromic acid, thoroughly rinsed with distilled 

,vater and driedo 

To fill the cell with electrolyte, the cell was fitted 

with the components as illustrated in Figure 1. The cell was 

evacuated and purged w·i th CO 2 a number of times ending with an 

atmosphere of CO 2 in the cell. Saturatetl carbonic acid solution 

was transferred from the storage polyethylene bottle by a tygon 

tube connection through the ple:dglass top. To expedite the trans­

fer, suction was applied ·to the cell and COi bubbled into the 

polyethylene bottle. When 650 ml. had been transferred to the 

larger compartment (as determined by an etched line on the cell), 

tbe CO 2 was started through the air lift disperser. Ferrous 

chloride was added finally to give 0~01 molar in ferrous ion. The 

cell was then put in a thernri.cstatically controlled ·water bath 

( 25°C :!: 1 °c) and allowed to re1nain twelve hours to attain equilib-

rium. 



Except for dimethylaminoethanol and morpholine which 

were redistilled to give a colorless, constant boiling product, 

all the amine inhibitors were reagent grade as supplied by the 

manufacturer. 

Polarization Runs 

19 

The cell was placed in the thermostatically controlled 

temperature bath as shown in Plate II and connected into the 

electrical and measuring circuit as illustrated in Figure 3. The 

iron electrode could be made the anode or cathode by the double 

pole double throw knife switch. The constant current device was 

capable of delivering from 10 to 200 p. amperes; therefore, to 

extend the range to zero the variable 1.1 megohm resistor was in­

stalled to shunt all or part of the current as required. 

A run consisted of impressing a series of currents 

between the platinum electrode and the iron electrode and measuring 

the resulting potential between the iron electrode and the calomel 

cello 

The current-potential relationship for the iron was 

determined for the electrode in carbonic acid (control run), and 

in carbonic acid containing inhibitor in concentrations of 0.01, 

0.02 and 0.05 we:ight percent based on nitrogen present in the amine 

used as the inhibitor (19). For example, in the control run the 

iron was made cathodic at currents of O, 2, 5, 8, 12, 17 and 20 

p. amperes, then run anodic at the same currents. Then inhibitor 

was added to give the required concentration and the procedure was 

repeated. In this manner, current-potential relationships could be 

compared between no inhibitor and the various additions of inhibitor, 



PLATE II 
Experimental polarization set-up 
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as well as inter concentration. In all cases, it was expeditious 

to 1·m1 the cathoclic portion first since the electro,cle tended to 

regain the zero current potential it exhibited at the start more 

quickly than if the electrode were first made an anode. 

The potential of the electrode at ·the various impressed 

currents was ded;er:m.ined by a potentiomet1·ic measur,emen·t between 

the electrode and the saturated calomel electrode. Both "open" and 

"closed" eireui t potentials \Were measured, the former being that 

pcrtential in which there was no impressed current, in essence the 

potential of polarization of the electrode, the latter, that poten-

tial with current flow. The "closed" circuit potential is a com-

posite reading of polarization potential and IR drop between the 

two electrodes. 

To determine the "closed" circuit potential, micro switch 

l (Figure 3) was depressed throidng in tbe potentiemeter which was 

then balanced to read the potential. Micro switch 2 in the normally 

closed position was then depressed opening the circuit and throwing 
I 

in the potentiometer. The "open" circuit potential was read at 

that point where the galvanometer needle on the potentiometer 

showed a decided "kick" in one direction follow~d by a reversal of 

direction and a long sweep in that direction denoting depolariza-

tiono These readings were :more clifficul t to determine ·than the 

corresponding "closedM circuit readings and necessitated quickly 

flicking switch 2 to find the point of initial deflection with@ut 

too much depolarization .. Since the In drop shows a linear rela-

tionship with current, the "open" circuit potential was corrected 

_by plotting the difference between the "closed" and "open" circuit 
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potentials against a1J11,lied cu1·r,eut anrl fitting the best straight 

line through the pQints 1::uy linear regres:,don. 'fhese va.lues weirn 

then applied to the nclosedn circuit readings to obtain the cor-

rected open circuit readings. Potential measurements were recorded 

three 11dmJLtes after each curreirt was im:press,ecl to s·tandai·dize the 

11roceduri2J siuce pot,entials in inhibited solutions teuded to d.rift 

with tiillle o 

Upon addition of inhibitor to tlrn cell electrolyte, 

equilibrium 1vas attain,ed in two hours. '.['herefore, a complete ruu 

which included the control run, inhi"bi·tor runs at the specifieil 

concentrations and subsequent cleaning took about 24 hours. 

The amines testfHl rurnre anilin,e, cyclohexylaudne, dimethyl-

amino ethanol, ethyl amine, i1J10r]Jihol ine, qiuinolhrn, and triet}ul!.nolamin,e. 

Static Corrosion Testing 

Coupon Preparation 

Rectangular test coupons, one inch by three inches were 

cut from O. 025 inch Armco sheet stock. Each striJp was allrad,ecl with 

Tri-M-i te W 320-A silicon carbide J~1aper with })articular e11:1phasis on 

feat]ierh1i~ of edges, then polish1Hl 'With :~/o emery pap,er. 'fbe cou-

pons were rub1::ned lightly with commercial ab:i.·asive cleans,er, tiused, 

then etche~l in 1~3 by volmne InW.,,. - H,/J with gent.le agitation for 
.,,J '~ 

011e ndnute. U1rnn removal fro111 the solution, the s es ',v,~r,e 

quickly immersed in running v1ra·t,er, rulJJl:i,e(l with abrasive cl,eanser, 

rins,ecl, then d.rie(Jl in acetone. 'fii,e ilriecl samples were dessicated 

for 24 hours before weighing to~ 000005 grams. 



Each corrosion cell contained four coupons suspended on 

glass hooks from a rubber stopper. Through the center of each 

ru1Jber stOJ[J][H~r, a fritted glas,s stick disperser was inount,ecl, which 

disperser was surrounded by a glass tube long enough to extend just 

below the level of the ell~ctrolyt,e in the corrosion cell. When the 

cell was assemlJlecl, it ·i,rns flusJ,Jted with C0 0 and sulJsequiently filletl 
"' 

by siphoning with 650 milliliters of saturated carbonic acid. 

Following this, inhibitor to the required concentration was added 

to the cell and Fe Cl 0 to give 0.01 molar in ferrous ion and the ,.,_ 

cell connected to the gas manifold as shown in Plate I. The in-

hibitors tested were aniline, cyclohexylanline, tlb1111,rthyla1ninoethanol, 

ethylalllline, nwrphol in,e, q_uinol ine antl tri 1ethanolan:tine at tlu1 0. 01,t 

N and 0.05% N level for 2, 4 and 8 days. One cell containing four 

COU])Ons for ,1,Hich l ,ev,el i',ras run for each thne interviil noted. 

Simul tan,eously two control cells ( containing; no inhibitor) were 

run for each i;im.e i11t1erval" 

c.oupon Cleani:J?-_g 

The corroded coupons were rinsed in running tap water, 

cleaned with abrasive scouring powder and dried in acetone. Sub-

seieiuently, each was in1m,ersed in cl,eaning solution for 15 minutes 

to remove corrosion 11ro,cluct. 'I'he stock cleaninp; solui;ion w·as JJ!iltHle 

up by diluting 250 milliliters of concentrated RCl with 500 milli-

liters of w.ater to wldch was aclded 15 ,,:::7 grams of 1c1olyethanol :RAD 

0515 inhibito]~. l~or cleaning of tlrn coup1ms, 5,00 111illiliters of 

th,e stock cl,eaniug solution was tliluted to 2,000 m.illiliters. 

Weight loss due to cl,eaning only (,as det,ermine1l by a non-corroded 
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blank) was of the order of loO to lo5 111illigrallll1s. l!'ollowing the 

HCl 11ickle, the cou1Jons were riused, rubbed lightly with abrasive 

scouring powder, dried iu acetone and dessicated for 24 hours 

1:i,efore they were reweighed to !letennin,e the weight loss. 
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RJIGSULTS 

Polarization Data 

Typical current-potential relationships are shown in the 

seiu:Uogari thmic plots of Fit11uic·es 11, throug;h 11. These graphs illus-

trate tJHi ca:l:.hoclic and anoiclic behavior o:f: the iron ,ellfi.wtrode in 

four of the seven inhH1i tors tested. Complete data for all inhiti-

itors are included in Appendix B. The potentials shown are the 

corrected "open" circuit potentials; the current density is based 

'J 
on 5.0 cmw cross sectional area of the iron electrode. 

is of the <Clata ent1;1,il,1)d th,e dete:nnination of the 

slope of the eurrent-pot,ential curves at rte ons not far renwvieil 

from th1a corrosion potential. When the imJJiress,rHl current is small 

in comparison with the corrosion current, the current-potential 

relationship is linear (24). Figures 12 and 13 show typical polar-

ization curves on rec 

these, ·tile resistance terms 

eX]H'<e s si 011 

r a 
E - E 

a-····· o 
E - E o a 

ar c oordin.a,t,es. Ii'rom curves suel!iL as 

Ji!; - E 
0 i ... ____ _ 

i 
e 

In th,e 

the slope of ·the l:i.niear JJ1ortio11 dei;,ermines E - E./i • }'or the o 1 e 

ority of the con·trol r11.ns, li11,earity was oli,s1ervetl over the whole 
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range. For inhibited runs, linearity was observed over a limited 

range of impressed currents, the range depending upon the inhibitor 

and the concentration. For those curves which show a fairly rapid 

deviation from linearity straight lines extrapolated to ten micro-

amperes were dra,vn as indicated. 

TABLE I 

CALCULATED RESISTANCES ON 5. 0 CM2 ELECTRODE FRO:Jli POLAIUZATION DATA 

Inhibitor Cone. 

(%N) 
Aniline o .. oo 

0.01 
0 .. 02 
0.05 

CHXA o.oo 
0 .. 01 
0 .. 02 
0 .. 05 

DMAE o.oo 
0.01 
0.02 
0.05 

Ethyl amine o.oo 
0.01 
Oo02 
0 .. 05 

:&i!orpholine o.oo 

Quinoline 

TEP.1. 

CHXA = 
DMAE 
TE.ti.. 

= 
= 

0.01 
0.02 
0.05 

o.oo 
0.01 
0.02 
0.05 

o.oo 
0.01 
0.02 
0.,05. 

Cycl oh.ex:yla.mine 
Dimethylaminoethanol 
Trieth.anolamine 

pH 

3.9 
5.0 
5.1 
5.3 

3.9 
5 .. 2 
5.4 
5 .. 7 

3o9 
5.3 
5.6 
5.9 

3.9 
5 .5u 
5.9 
6.4 

3.9 
5.3 
5.6 
5.9 

3.9 
5.2 
5.2 
5.5 

3.9 
5.4 
5.8 
.6 .J 

r mean r mean 
a C 

(ohm) (ohm) 
33800 896.5 
987.8 1828.3 

1214.7 2124.7 
1481.1 2122.7 

272.3 664 .. l 
782.5 1394.5 

1036.3 1665.9 
1448.5 1624.1 

359.6 1086.7 
1480.6 3895.6 
2162.7 2872.1 
3158.0 2746.4 

189.6 540.3 
747.9 1388.4 
967.0 1592.5 

1946.5 1894.5 

323.2 793.l 
1603.5 3321.6 
2144.2 3602.5 
3038.1 3512.1 

23lo2 612.4 
636.2 980.3 
822.9 1311.8 

1971.1 1416.2 

151.5 433.9 
553.2 952.7 

1018.6 1048.4 
1936.l 1103 .6 
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Table I presents the data for r and r These · a mean c mean· 

values ar11~ thi~ averaile of i11d.ividual calculations made on t,he 

anod.ic ancl ca·thoclic pola~ization data for each run. At, least four 

runs r,vere made on each inbibi tor. F'igures 14 tltro1L1gh 20 present 

graphically the data of Table I. 

Static Corrosion Tests 

Static corrosion t 1est data to determine t,he relative 

effectiveness of the amines as inhild tors are shown in Figures 21 

and 22. 'l1he weight loss IJer unit area is fJ1lot·i;eti as a function of 

time. Tlu:! values plotted were the average weight loss based on 

four sa111Jules in the same corrosion cell. 
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CHAI1TEU IV 

INTER!'U.E'l'A'l'ION OJI? UESUL'rs 

'l'he relationship ·bet1v,een the respective resistance terms 

for anotlic aml cathodic areas shows that even without inhHlitor 

there is present a calculable resistance. This may be attributed 

to a "hydride" film, --a monatcmdc film of clu:i1ni-adsorbed hydrogen 

over the surface (6). 'rllle ad.dition 1:J>f increasing amounts of inhib-

itor results in an increase in the resistance terms on the respec-

tive areas. As illustrated in :Pigures 14 through 20, the resistance 

term, r , for catho(lic areas r,eaches a maximum at so1J111e inhibitor 
C 

concentration and then levels off or slowly decreases; the resist-

ance term, ra, for anodic areas although less initially than r 0 

increases contiuuously to a greater or lesser degree de11:Jending on 

the inhil:oitor and in soJJl!le cases actually crosses that for cathodic 

areaso 

If a comparison is inade laetween trietha11olaldne and ani-

line, each shows an increase in r and r with the addition of 
a C 

inhi lbi tor, w·i ·th aniline shmdng higher values for r .. However, the 
C 

increase in r with increasing inhi1:dtor conc,entration a111)roach,es 
a 

linearity for triethanolanline, whereas with aniline, increases in 

r antl r parallel each other 1;.r,i th both tending to flatten oi1t at 
a C 

about the OoOf~,i level. 'l'he other inhibH,ors follow a :pattern 

38 
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'!'able II shcnrn th,e ratio r /r for the various amines at 
a C 

the four levels of concentration. The rapid rise in r /r with 
a C 

so:me of the inhihi tors indicates that anodic adsorption is prefer-

ential for these. Cathodic adsorption is not precluded since all 

show a rise in r with the addition of inhibitor. 
C 

Increasing 
() 

r /r incr,eases {}n. /A )''. When this ratio becomes greater than 
a c a c 

one tl:.e anodic sites will predominate. 'fhis a111pears anomalous in 

that anodic areas should decrease as inhibitor is a,dlsorbed on ·th11:)se 

areas. Hm1rnver, to !11.aiutain m1,udnnun cor:rosion current as inhi1Ji tor 

is adsorbed larger anodic areas are formed at the expense of 

cathodic areaso 

TABLE II 

EF1~1':CT OJ? CONCliGN'l.'HATION ON r /r 
a C 

Inhibitor r /r 
-----·----·--- a C ·-----· ·-·---·---o.oo 0.01 0 .02 

Aniline 0. ;3,3 0.54 0.57 

CIL!li. 0.41 0.56 0 .. (32 

DM.AE Oo33 0.51 0.75 

EtJiylamine 0.3,5 0. 5Zi o.,r:n 

Morpholine 0.41 (Ii 0 L!8 0.60 

1t;!uinol i:n,e 0 o2)8 0.65 0 .(:i3 

'l1EA 0 031 5 0.58 0.97 

With morpholine, preferential cathodic adsorption is 

11rnnif estet! in the very high r values. In t,Jrn conce11tratio11 
C 

0.05 

0.69 

0.89 

L15 

1.03 

0.87 

l.L.l: 

1.75 

range tested, the cathodic sites remain p~edmninant. Figure 18 

shows that at the 0.05~ level r is approaching r and at some a C 



higher concentration could lie alJove r o This substantiates 
C 
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Hoar's (15) work wllich showed preferential cathodic adsorption for 

o-tolylthiourea at low concentrations changing to anodic at higher 

concentrations. Figure 6, the cathodic polarization curves for 

morpholine, shows a very marked polarization even at low curren·t 

densities. This indicates that very little applied current is 

necessary to make the whole surface function as a cathode for 

hydrogen evolution. The polarization is such that it is eoneeiv-

ablei even at the current densities employed, the Tafel slope 

could be determined as outlined by Stern (22). In Figure 7, the 

corresponding anodic polarization relationships, there is some 

polarization at lower current densities. However, as the electrode 

is made increasingly anodic a depolarization is effected as mani-

fasted by the tendency for the potential values to be less noble 

than expected, giving an S shape to the curves. This might indicate 

some process of desorption of amine if the adsorption were elec-

trostatic. 

Figure 10 fo1· triethanolamine shows little cathodic 

polarization at low current densities. The existence of a rela-

tively high resistance on anodic ar~as would require a higher 

current densi·ty to make the whole surface a cathode.. Triethanol-

amine shi:nrrs a marked anodic polarization as evinced by Figure 11. 

Aniline shows both anodic and cathodic polarization 

denoting that this amine is adsorbed on both areas with the ratio 

of areas remaining essentially constanto 

From the relations r /r =(A/A ) 2 , A + A = I it is a c a c a o 

possible to calculate. the total resisd;.ance R offered to the local 
·' 
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corrosion currento Tl1e resistance R to local action curre11t is 

given by: 

. R = r /A + r /A a a c c (9) 

Subs ti tu·Ung for A and A in terms of r and r tlle resistance is a e a c 

found to be 

R = r + r + 2 ~r r a c a c 
(10) 

Previous investigators in their measurements of resistance films 

1:,y impressed currents have been measuring 

R =RR /(R + R) = ~r r a c a c a c 

while the effective resistance that limits local action current is 

actually that given by equation (IC). If r = r then the effect­a e 

ive resistance R = 4 Yr r which is four times greater than the 
a C 

lJarallel resistance measured in previous works. Tl1is may account 

for ·the relatively small increases noted by Rhodes and Kuhn (22) .. 

Table III shows the calculated local action_corrosion 

currents arn:1 inhibitor effectiveness based on contributions by 

resistance film am1 increased pH.. The resped;ive currents tabu-

lated take into account the resistance calculat,ed by equation (10) 

and are given by: i = (E 
0 C 

E )/R wh,ere i is th,e local action 
a o o 

current with no hlhibitor and initial resistance film R0 iT = 

I 1 

(E - E )/R is the current iri th i:rihibi tor present, E the cathodic c a T c 

potential determined l1y equation (8) taking into account the in-

creased pH, and RT the effective total resistance to the current 

iR = (Ec - Ea)/nT where in. is the inhibited current if only a resist-

ance film ~ere limitin~ and there were no increase in pH; i = 
e pH 

9 

(E - E )/n where i ·H is the inhibi ·ted current i:f only an increase 
C a O p 
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in pH were effected with no increase over the initial resistance 

film. The inhibitor effectiveness is calculated as i - i- :x: 100. 
0 

i 
0 

TABLJ!l III 

CALCULATED COll.IWSION CURRENTS AND INHIBITOR EFFECTIVENESS 

- BJ!J.SED ON RJ~SISTANCE FILM AND pI:I 

Inhibitor 
Inhibitor N Corrosion Current Effectiveness 

(%) (milliamperes) (%) 
i iT iR i 

pH iT iR i pH 0 

Aniline o.oo 0.115 
0 .. 01 0.037 0.,049 0.087 68 57 24 
0.02 o.o:rn 0 .. 041 0 .. 085 74 64 26 
0.05 0.026 0.038 0.080 77 67 30 

CIDCA o.oo 0.150 
0.01 0.045 0.063 0.110 70 58 2'7 
0.02 0.034 0.050 0.100 Ti 8'7 33 
0.05 0.026 0.044 0.091 82 71 39 

DDifAE o.oo 0.126 
0.01 0.019 0.028 0.087 25 78 31 
0.02 0.015 0.024 0.079 88 81 37 
0.05 0.012 0.021 0.071 90 83 44 

Et~ylaimine o.oo 0.196 
0.01 0.043 0.064 0 .. 131 78 67 33 
0.02 0.034 0.053 0.125 B3 73 36 
0.05 0.018 0.035 0.100 91 82 48 

Mor1)hol in.e o.oo 0.126 
0.01 0.019 0.028 0.087 85 '78 31 
0 .. 02 0.015 0.024 l).079 88 81 37 
0.05 0.012 0.021 0.071 90 83 44 

,1~uinoline o.oo 0.168 
0.01 0.060 0. 084- 0.120 64 50 29 
0.02 0 .OLJ:6 0.064 0.120 73 62 29 
0~06 0.026 0.040 0.110 85 76 35 

TE.l'I .. o.oo 0.244 
0.01 0.0152 0.091 0.167 75 63 32 
0.02 0.038 0.065 0.142 84 73 42 
0.05 0.024 0.045 0.128 90 81 48 



A comparison between effectiveness based on iR and ipH 

shows that the resistance film is the significant factor in the 

decrease of corrosion curren·to Dime.tll.ylaminoethanol, morpholine 
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and ethyl.amine show the great,e;st effectiveness followed by triethanol­

amine > quinoline > cyclohexylamine > aniline at the 0.05% level. 

No direc·I; correlation can be established li:letween the in-

hibitor effectiveness ~s calculated above and that based on static 

test w,eight loss data. The clata obtained from 11olarization measure-

men ts involved only two hours contact time bet,1reen the inhibitor 

and the metal, whereas the shortest static test was over a period 

of two days. With a mildly corrosive solution like carbonic acid, 

two hour weight loss tests would be practically meaningless. How-

ever, in Figures 21 and 22 the weight losses over the first twenty-

four hour period follow generally the same order as that predicted 

by the calculated inhibitor effectiveness in Table III. The inl.lib­

i tors at the O .01% level show very li ttl.e clifference over a period 

of 8 days (Figure 2l)o At the 0.05% level, differentiation among 

inhibitors is :marked especially over a period of time. Weight loss 

data then can predict the permanency of the inhibitor. This cannot 

be obtained from polarization data unless measurements are made 

periodically over an extended periodo 

With a relatively mild acidic electrolyte such as car-

bonie acid, the addition of the basic amines will increase the pH 

of the electrolyte. Stern (24) found that the corrosion potential 

for iron increased by 000559 volts per pH unit in the less noble 

direction. With the addition of inhibitor to the cell, the corro-

sion potential ,~as increased to less noble values. Table IV shows 
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the average values for the observed corrosion potentials if the 

" shift were a result of only a rise in pH, E. It can be seen that 
0 

the observed corrosion potential is more noble th.art that calculated 

indicating that a pH shift is ccunpensated for in varying degrees. 

Inh:i!'bi tor 

Aniline 

ICHJU.l 

DIW!i.E 

Ethyl amine 

Morpholine 

Quinoline 

TABLE IV 

OBSERVED AND CALCULl1.TED :POTENTIALS BASED ON 

' 
ADSORP'rION llND BASICITY OF INHIBITOHS 

o.oo 
0 .. 01 
0.02 
1().05 

o.oo 
0.01 
0.02 
0 •. 05 

o.oo 
0 .. 01 
0 .. 02 
0.05 

o.oo 
0.01 
0.02 
0.05 

o.oo 
0.01 
0.02 
0.05 

o.oo 
0.01 
0 .• 02 
o ... os 

o.oo 
0.01 
0.02 
0.05 

pH ~pH 

3.9 
5.0 1.1 
5.1 1.2 
5 .3 1.4 

3.9 
5.2 1.3 
5.4 1.5 
5. 7 1.8 

3.9 
5.3 1.4 
5.,7 1.8 
6.0 2 .. 1 

3.9 
5.5 1.6 
5.9 2.0 
15.4 2.5, 

:L9 
5.3 1.4 
5.6 l.7 
5.9 2.0 

3.,9 
5 .2 1.3 
5.2 1.3 
5.5 L6 

;5og 
5.3. 1.4 
5 .6 1. 7 
6.05 2.15 

' E (obs) 
0 

(volts) 

-0.641 
-0.657 
-0.1358 
-0.659 

-0.640 
-0.661 
-0.664 
-0.663 

-0.646 
-0.666 
-0.668 
-0.668 

-0.645 
-0.666 
-0.1369 
-0 .. 673 

-0.639 
-0.667 
-0 .671 
-0.672 

-0.641 
-0.6,57 
-0.659 
-0.651 

-0.644 
-0.663 
-0.606 
-0.660 

" E (pH) 
0 

(volts) 

-0.702 
-0. '708 
-0.719 

-0.713 
-0.724 
-0.741 

-0.724 
-0.747 
-0.764 

-0.735 
-0.757 
-0.785 

-0.717 
-0.734 
-0.751 

-0. 714· 
-0.'714 
-0 .. 731 

-0.722 
-0.739 
-0.764 

~Eo 

' " E (obs)-E (pH) 
0 0 

(volts) · 

+0.045 
+0.050 
+0.060 

+0.052 
+0.060 

, +0.078 

+0.058 
+0.079 
+0.096 

+0.089 
+0.088 
-1-0.112 

+Oo050 
+0.063 
+0.079 

+0.057 
+0.055 
+0.088 

+0.059 
-1-0. 073 
+0.104 
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In a 1mffere,d solution where little or no change in pH 

would be evident, the corrosion potential would be dependent upon 

the adsorption characteri sties of the inhi bU;or. Inhibitors which 

are adsorbed ep~cifically on anodic areas would increase the poten-

tial in the noble direction; those adsorbed on cathodio areas in the 

less noble (lirectiono In a system where l::ooth }JH anil adsorption are 

operating, the corrosion pptential is composite. 
I 

Then E is the 
0 

composite 1:rntential of (1JH + adsor1)·tion), aniel 6E 0 , the difference 
t u 

between E and E, the potential shift attributable to the adsorp-o I) 

tion characteristics oif the ainine. 

Hackermau ( 10) relates the str,ength of the iron-amin,e lJond 

in chemisorption to the basic strength of the amine. Figure 23 

shows the variation of LE with concentr~tion for the inhibitors. 
0 

The values of 6 E at the O. 05~i 1 evel decrease in the same order as 0 . 

basic; strength, ethyl amine > triethanolamine > dim,ethylaminoe·Utanol > 

morpholine > cyclohexylamine > quinoli:ne >aniline. 'rl:1.is is not 

the same ord.er as inldbi tor effectiv,,n1,ess an!l, ther,efore, th,e 1-:io·!;en-

tial shift liy iuhi bi tors mcty lJe a meastae only of ·th.a bond strength 

in ad.sor:ption. 

No statein,ent concerning inhibitor· effici,ency as a f1tu1ction 

of size, tyJpe or basicity can be made on the limited nunitl:rnr of ili:1-

hilllitors tested. 'l'able V eu1m1:ui.rizes g,enerally ·th,e relative ord,er 

of Uu:lse factors. Uasici ty was d.e·teie"mined. by 111u?asureme11tr:1 of the 

change in pH on the addition of the amine to saturated carbonic 

acid at 25° C~ The relative sizes were estimated on the projected 

area of :Pi sher-Hirsl.11.f ,el d.er-'l~ayl or atmuic 1:11rndel s. '.11.1r:i. ethanolruuin,e, 

climethyla11dnoethanol and ethyla11111in1e are all 11yrami1lal, but tri-
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ethanolamine with its longer chains would cover more area than 

c.Umethylaminoethanol which in ·turn is larger than ethyl a.mine. 

Mama ( 19) suggested that the ethyl group in ethyl amine is perpen-

dicular to tllle -NH., and only slightly tilted and, therefore, the 
, .. 1 

effective area is that covered by -NH2 ·taken as 251. Similarly the 

planar ring for aniline was assumed perpendicular to the -NII2 group. 

Morpholine and cyclohexylamine, since they are saturated cylic ali-

phatics,·are n~t planar and therefore, their effective cross sec-

tional area is greater than aniline. Moreover, with nitrogen sub-

sti tuted in the ring, the ·tendency is to force ·the ring closer ·to 

the metal surface (17) which is the case with quinoline and morpholine. 

TABLE V 

I-l.ELATIVE ORDER OF BASICITY AND SIZE OF THE AMINES ARRA.NGED 

IN DESCENDING ORDER Oli' HlHIBITOU EFli'ECTIVENESS 

Inhibitor 
Effectiveness 

DM'AE 

Morpholine 

Ethyl amine 

1rEA 

Quinoline 

CHXA 

Aniline 

Formula 

Tert. alipha,tic 

Sec. saturated 
cyclic aliphatic 

Prim. aliphatic 

Tert. aliphatic 

Tert. hetero­
cyclic 

Prim. saturated 
cyclic aliphatic 

I 1ri111. arom.a·tic 

Basicity 

3 

4 

1 

2 

6 

5 

7 

Size 

4 

3 

7 

1 

5 

6 



48 

The three best inhibitors represent the three types of 

amines tested, none of which is the largest of the group. Generally, 

however, the tertiary amines are more effective in the corrosion of 

iron in carbonic acid. Bailar (1) states that, although useful 

data are limited, iron III coordinates with tertiary amines more 

readily than with secondary or primary. If chemisorption is com-

plexing of the iron in situ, then the inhibiting properties of the 

tertiary amines may be explained on this basis. 

Tables XX through XX.VI in .Appendix B contain the analy-

sis of val"iance (23) for the seven inhibitors. The analyses wer.e 
' 

made on the average of r and r calculated from cathodic and anodic a C 

polarization curves (Tables XIII ·through XIX). 

Corrosion data are difficult to reproduce especially 

under mildly corrosive conditio11s. Nathan (21) who ran statistical 

analyses on corrosion inhibitor effectiveness data supplied by a 

nwnber of laboratories working under Group Committee T-lE of the 

National Association of Corrosion Engineers (NACE) found there were 

wide variations in the data within each laboratory and among la.bo-

ratories.. He states that: "---even uncler the most carefully con-

trolled conditions of experimentation wide variations are observed 

in weight losses, pit frequency, etc.--- 11 • For this reason the 

statistical data are presented here in terms of the standard error 

of the meau .. Confidence limits may then be set at a.ny desired level, 

and at the discretion of the reader. 

The Least Significant Difference (L.S.D.) of 390 as 

shown on Figures 14 through 20 was calculated from the swi1 of the 

squares of the error terms for the inhibitors. This figure is 
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used as the criterion for the divergence of the respective r and 
a 

r values. If the difference between values of r and r at the 
C C a 

same concentration exceeds the L.S.D. then the probability is at 

;1east 0.95 that these r,e,!'listances are different. IVi·th this test 

it is possible to predict the concentratiou region in 11rhich r and 
a 

r approach each other or cross, if such is the caseo 
C 



CHAPTER V 

SUMMARY AND CONCLUSIONS 

To investigate the mechanism of inhibition by organic 

amines on the corrosion of iron in mildly corrosive environments, 

polarization measuremi~nts at small impressed current densities were 

made on an Anraco iron electrode in oxygen-free saturated carbonic 

acid solution at 25° C. Inhibition was interpreted as a film of 

adsorbed inhibitor on the surface of the metal offering an ohmic 

resistance to local action current flow. To this end, a mathemat­

ical expression was developed t~ det~rmine the resistance per unit 

area, r, on anodic and cathodic sites in terms of measurable quan­

tities from polarization data. This development relates the 

resistance per unit area to the slope of the curr•nt-potential 

curve which is linear at potentials close to the corrosion poten­

tial. The total resistance to the corrosion current is the sum of 

these resistance terms in series. Direct measurement of resistances 

by impressed currents affords the total resistance as a funct,ion of 

the respective resistance per unit area, in p,arallel. By the very 

nature of parallel resistances, orily a small increase in total 

resistance is realized for relatively large increases in either or 

both resistances per unit area. 

The effectiveness of an inhibitor based on the calculated 

corrosion current as a function of th,e r,esistance film de1Jends on 

50 
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the adsorption characteristics of th,e amiue and. the effect on the 

anodic and cathodic resistances per unit area, and specifically to 

their ratio, Lee, r· / r • All -the amines tested showed increas,es a C 

in both anoilie and cathodic resistance terms. However, the inhi1:>i-

tor was effec·tive at that concentra·tion in which r /r showed a 
a e 

significant increase over this ratio id th out inhibitor. 

The techniques involved in this work are sensitive to 

contaminants and changes in environment especia.lly traces of inhib~ 

i tor from preceding runs or the presence of 0:11:ygen. However, with 

reasonable care and ftu-·ther development, the embo1,lyi11g principles 

could possibly be apJ,ilied to c011'illlereial screening of inhibitors. 

Static corrosion tests to det,ermine the stability of the 

inhibitor effectiveness with time showed that effectiveness was 

time dependent o Those ,1Thich showed ·the best i11hi bi tion. initially 

were not necessarily those whos,e effect was the mi:Hrt lasting. 

This would serve to indieat~ that any screening tes·t for inhibitors 

which does not take into account the permanency of ·the inihibi tor 

effectiveness is practically valueless unless continuaus injection 

of inhibitor in-!:,o the syst,~m is possil,le. 

To facilitate the characterization of current-potential 

r,elationship, polarization measurements in futur~c! stmHes should 

incorporat,e an X-Y recorder for definite de·terminatic:m of electrode 

pcd;eutials ,d tll imIJr,essed currerrt. Eq_uilibriwn 1rntentials at SJH!-

cific impressed currents would be defin.itive using this technique. 

Further refine111.e11ts in technique would require corrosi-

meter n11:H1.sureirnn·ts in the cell to detenn.ln,e actual corro,sion rates 
\ 

during JlOlarization runs instead of relyiug upon separate static 
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eo.rrosion weight loss measure111.ents. Finally, constant monitoring 

of pH in the cell would define the contribution of concentration 

overpotenti,al. 

Suggestions for Future Work 

With the refinements noted, the work should be extendecl 

to i11clucle commercial inhibi"l;ors, long chain amines and organic 

compounds containing more than one amide group, to correlate size 

and the availability of more than one ligand per molecule with in­

hibi tiono An interesting side issue ,vould lie in the investigation 

of anionic organic compounds, such as the surfactants, to determine 

the characteristics of adsorption and the effects on the respective 

resistances per unit area. 

In this research, the polarization at low current density 

was translated as pure ohmic overpotential, i.e., concentration 

overpotential and activation overpotential were considered as part 

of the resistance film. To examine the effect on activation over­

potential per se-, polarization measurements at high current densi­

ties should be run to de·te1·mine the Tafel slopes in the semi­

logari ·thmic regicm and the principles embodied in the excellent 

treatment given by Stern applied (24), (25), (26). 
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APPENDIX A 

DERIVATION OF r and r a C 

Application of Kirchoff's Law to a freely corroding 

electrode gives (20): 

E + iL Ra+ i 1 R, - E •-0 a :C C 
(1) 

assuming that the only polarization is that for ohmic overvoltage 

represented by the resistance terms. 

. E - E 
1 1 = c a 

R + R a C 
= 

(2) 

If the total area of the electrode is made up of anodic and cath-

odic sites only, i.e., there are no insulated spots then: 

A + A = 1 a C 

and the local action current can be expressed as: 

i· 
L = 

di1 
dA a 

= 

r -A (r -r) a a a c 

(r ..:r ) /Jr -A )(l-2A ) + A -A 2J a c a a a_ a a 

{; -A (r -r )J2 
a a a c 

For maximum current di1 
= 0 

dAa 

(r '-A )(l-2A ) + A -A 2 
a a a a a 

56 

(3) 

(4) 
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r - 2A r + 1l2 r a a a a a 

r (1-2A + A2 ) = a a a 

r (1-A ) 2 = A2 r a a a c 

r /r = (A /A )2 
a c a c 

(5) 

The potential of a freely corroding electrode is shown as: 

E 
0 

:::: E a + i 1 R a 

Substituting for i 1 from (2) 

When 

E 
0 

a 

= EA 
a C 

current i e 

+ E A 
C a 

is applied 

to measure R and R but: 

for 

a C 

6E RR 
----! R 

a C 

.6I = = R +R 0 a C 

resistances in parallel 

o 0 R 
0 

= 1/r r a C 

to a corroding panel it 

to the i:mpressed current 

The potential E. for impressed current i is: 
J. e 

E. = E - i R = E - i Yr r 
1 o e o o e a c 

or: 

o/r r E - E. a C = 0 1 
i e 

From (3) and (7) the an.01:.Ue area A and the a 

area A may be expressed as: 
C 

(6) 

(7) 

is impossible 

(8) 

(9) 

cathodic 



E - E 
A 0 a 

= E - E a 
C a 

E - E 
A C 0 

= E - E C 
C a 

Solution of (5), (9), with substitution from 

yields: 

A 
a 

A 
C 

E 
a 

r 
a 

E - E E - E. a 0 0 l. 
= E E 

X i r 
C 

0 C e 

Nomenclature 

2 area of anodic sites - cm 

area of cathodic sites - cm2 

potential of anodic areas - volts 

= 

E 
C 

potential of cathodic areas - volts 

E 

E 
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(10) 

(11) 

(10) and (11) 

- E E - E. 
0 C 0 l. 

E 
X 

i a 0 e 

E. potential of electrode at fotpressed current i - vol·ts 
l. e 

E0 corrosion potential of electrode (ie = 0) - volts 

R resistance of anodic areas - ohms a 

R 
C 

r a 

r 
C 

resistance of 

resistance of 

resistance of 

cathodic areas - ohms 

anodic a.re as - ohm -

cathodic areas - ohm 

2 
cm 

2 - cm 



Proof that i 1 has an absolute maximum 

iL = ~E iL ~ 0 when A £ (0,1) 
a 

r r a .a 
A 

+--1-A a a 

and iL is a maximum when 

r r a __!?_ y =r + 1-A a a 

is a minimum. Now: 

limit y =OO · so that for some c , where O :( E < 1/2, y will 

A ~o have its absolute minim1uu on the open interval 
a 

A ----...1 ( ) a f , 1- E • 

-r 
a. 

r 
C .&_ 

d.A a 
= 

(A )2 
a 

+ 
(1-A )2 

a 

For an e:ictremum: 

-r (1-A )2 + r (A )2 
a a c a = 

(A ) 2 - (r /r )(1-A ) 2 
a a c a = 

0 

-r (1-A )2 + r (A ) 2 
a a c a 

0 

[i.. + o/r /r (1-A ).:J [i.. - Yr /r (1-A ).:J = 0 a a c a a · a . c a 

A 
a 

A 
a 

= 
- 1/r, Ir 

a· C 

1 - 1/;:/;-a e 

1/r /r a C 

59 

(1) 

(2) 

(3) 

The root shown by (2) lies outside the interval (0,1), therefore 

(3) gives the v1:1lue f 01· the absolute e:,dremum in ( 1) • 
2 2r 2r which is ,always positive. d y a C -·-..:. ......... = + 2 (A )3 3 dA. (1-A) a a a 



'fherefore (1) has an absolute minilnu.m at ·the value of A given a 

by ( 3) and iL ha,s t.he corres1:wnding absolute maximum. 
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Sample Calculations r and r 
a C 

Aniline: 

Run 51 O .. OOJb Nitrogen 

(1) Cat]:i.odic run 

E = -0.639 volts 
0 

E = -0.743 volts a 

E = -0.475 volts 
C 

(E -E. )/i = 500 volts /ampere o 1 e 

E -E E -E. a o 0 1 
r =E~ X 

i = a 
0 C e 

r = 317.1 ohms a 

E -E E -E. 
0 C 0 1 r = E -E X 

i = C a C e 

r = 788.5 ohm.s 
C 

(2) JlJi.nodic run 

E = -0.638 volts 
0 

E = -0.743 volts a 

E = -0 .,.1,75 volts 
C 

(E -E. )/i = 500 volts/ampere o 1 e 

Substituting as shown above 

r = a 322.1 ohms 

r = 776.2 ohms 
C 

61 

-0.743 0.639 + 500 -0.639 0.475 X 
+ 

-0.639 0;475 + 500 -0~743 0.639 :ir 
+ 



An:1El'.fDIX B 

lo Analysis of Armco Ingot iron 

Element __ ..,,,,, __ ,_ 
Carbon 

I.fang ane s e 00017 

I''I;1.o oru1S 0 a 005, 

Sulfur 

Silicon trace 

Iron remain,ler 

2o HCl inbil:JJitor for Coupon cl!HLninfI in Static Tests 

J!li\.D 0515 - no inforniation on formulation 

Hercules Powder Co. Inc. 

Wilmington, Delaware. 

3. Plastic for encasing electrode -

Jtriustrong; C-7. - two coinJporH!nt e1qi,oxy resin without 

f:i.11,er. 

A,rm11eitrong Prod.nets Co., 
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rrABLE VI 

EXFERIMENTAL CURRENT-POTENTIAL lIBLATIONSIUP'S 

Aniline 

-' Run #51 

Impressed. Oieen Circuit Potential {volts} 
Current Cathodic Ano1Hc 

(}.lamps • ) o.oo. ().01. ,0.02 0.05, 0.00 .0.01 .0.,02 1).05 

0 -0.639 -0.656 -0.659 -0.664 -0.639 -0.656 -0.659 -0.663 

2 0 o!JLJ:0 0.659 0.662 0.668 0.,1638 0.654 0.656 0.660 

5 0.641 0.663 0.667 0.673 0.636 0.651 0.653 0.657 

8 0.643 0.668 0 .6"[2 0.679 0.634 0.648 0.649 0.654 

12 0.645 0.676 0 .. 681 0.691 0.633 0.644 0.645 0.650 

17 0.649 0.687 0.695 0. 70'7 0.630 0.640 0.640 0.645 

20 0.651 0.694, 0.703 0.716 0.6;W 0.638 0.'638 0 .154-2: 

Run #52 

Impressed O~en Circuit Potential (volts} 
Current Catbod.ic .Amo die 

(Jlamps.) o.oo I[). 01 Q.J!.g, 0.05 o.oo 0.01 0.02 hlli 

0 -0.639 -0.658 -0.658 -0.657 -0.639 -0.657 -0 .. 658 -0.652 

2 0.641 0.660 0.660 0.61H 1().638 0.655 0.655 0.648 

5 0 .. 642 0.665 0.1365 0.66'7 0.636 0.652 0.651 0.643 

8 0.644 0.669 0.671 0 .6'7t! 0.635 0.650 0.647 0.638 

12 0.646 0.6'f6 0.681 0 .. 688 0.633 0.646 IJ.643 0.633 

17 0 .. 649 0.68'1 0.695 o.~107 0.631 0 .64~l 0.638 0.631 

20 0.,652 0.695 0.704 o. 719 0.630 0 .64,1 0.636 0.639 



134 

'.1.'AltLE VI ( CON'I'INUED) 

Uun #53 

Im11ressed ---·-·-·---.J!p_en ... Ci reu.i t Potential (vol~s} . 
Cu1·rent Cathodic A11t~..lli 

(µamps.) o .. oo 0.01 ~ ~ .Q.&Q ILOl 0.02 0.05 

0 -0.645 -0.657 -0.658 -0.657 -0.645 -0.657 -0.657 -0.657 

2 0.647 0.661 0 .. 662 0.662 0.643 0.653 0.653 0.653 

5 0.649 0.667 0.6'70 1).670 0.641 0.650 0.648 0 .. 64'1 

8 0.652 0.674 0.679 0.681 0.639 0.646 0.644 0.642 

12 0.656 0.688 0.697 0.701 o.6::n 0.642 0.639 0.636 

17 0 .. 661 0. "/'09 o. 719 0.727 0.'633 0.636 0.633 0.629 

20 0.665 0.721 0.732 0.738 0.631 0.635 0.629 0.627 

ltun #54 

Impressed O:een Circuit Pirtential (vo~ts} 
Current CathoiUc Anodic 

(1-1amps.) o .. oo .Q.:.Q.! 0.02 0.95 1hQQ 0.01 0.02 0.05 

0 -0 .640 -0.667 -0 .. 659 -0.659 -0.640 -0.657 -0.659 -0.659 

2 0.640 0.660 0.661 0.662 0.639 0.654 0.656 0.655 

5 0.642 0.664 0.666 0.669 0.638 0.651 0.652 0.650 

8 0 .644: 0.669 0.672 0.677 0.636 0.648 0.648 0. 6•15 

12 0 .. 646 0.677 0.681 ().693 0.634 0.644 0.644 0.641 

17 0.649 0.689 0.695 o.~n2 0.632 0.637 0.639 0.635 

20 0.650 0.697 0.704 0.721 0.631 0.637 0.637 0.632 
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TABLE VII 

EXPERIMENTAL CURUENT-IJOTENTIAL RELA'l'IONSHIPS 

Cyclohexylamine 

Run ://55 

. Imp.ressed 0Een Circuit Pot,ential {vol·ts} 
Current Catbodic Anodic --

( p.ruup s • ) o.oo 0.01 0.02 0.05 o.oo 0.01 0.02 ~ 

0 -0.638 -0.661 -0.663 -0.662 -0.637 -0.661 -0.663 -0.660 

2 0.638 0.664 0.666 0.666 0.637 0.660 0.660 0.658 

5 0 .. 639 0.668 0.671 0 .. 673 0.635 0.657 0.657 0.654 

8 0.641 0.672 0.677 0.683 0 .'633 0.655 0.655 0 .. 651 

12 0.642 0.681 0.690 0.702 0.633 0.653 0.652 0.64B 

17 0 .ilo"i5 0.697 o. 712 0.732 0.631 0.649 0. 6'!8 0.645 

20 0 .. 646 0.709 o. nm 0. 75i.l: 0.631 0.647 0.647 0.643 

Run #56 

Im1)ressed OJQen Circuit Poten·tial {volts} 
Current Catho,dic Anodic 

(µamps.) o.oo 0.01 .!h.02 0.05 0.00 0.01 ~ 0.05 

0 -0.642 -0.660 -0.663 -0 .. 663 -0.642 -OolHiO -0.660 -0.662 

2 0.642 0.662 0.666 0.666 0.641 0.658 0.659 0.659 

5 0.643 0.666 o.o·rn 0 .. 671 0.640 O.S55 0.1Hi6 0.655 

8 0.645 0.670 0.676 0.677 0.639 0.653 0.654 0.652 

12 0.6•H 0.678 0.688 0.691 0.63'1 0.651 0.651 0.649 

17 0.650 0.695 0.712 0.718 0.636 0.648 0.649 0.646 

20 0.651 0.709 0.729 0. '{ZHl 0.633 0.647 0.648 0.645 
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'.1.1ABLE VII ( CON'l'HffiED) 

Im1'lressecl ---------'--·-~~u £..i r~!J"t, !~otential (volts 1 
Current . Cathodic Anodic 

(JJ.BllI}JS •) 0. 00 0.01 0.02 0.05 o.oo 0.01 0.02 0.05 

0 -0. 64'6 -0 .1cHli6 -0.664 -0 .61\:H'l -0.646 -0.665 -0.665 -0 ,1666 

2 O.ll:i'17 0.669 0 .fH38 0.670 0 • 1645 0.662 0.660 0 .1Bi1:rn 

5 0 .6Li8 0.6"M, (1.1676 0.6'19 0.645 0 .1658 0.656 0.657 

8 0.650 0.l(i81 0.687 0. 6 !;112 0.643 0.655 0.'652 0.654 

12 0.651 0.1:>£\15 0.709 0.717 0. 6<U!. O.fHi2 0.6510 0 .·653 

17 0 .. 653 0.'719 0.71!2 0.7fi.3 0.640 0. iO'Hl 0. i1:;~19 0.(:1l51 

~w 0 .1\555 0 0 73Li l[Jl.7591 0.'1"76 0.639 0.648 0.649 O.G50 

nun ¥:~· g 1 D • 

Impresseil 0])01\l Circuit Po·teu:tial (volts) ··------ - . 
Current pai_hoielil?_ Anodic -----

(µ.amps.) .Q. .• 00 0.01 0.02 Q..05 o.oo 0.01 O. Of:! l[}.05 

0 -0.6JHJ! -0. 1662 -0.664 -0.6,6~li -0. ,13 .2; tl -0. 6ili:H -0.664 -0.673 

~~ 0 .11:ViJi9 0.663 0.665 0 .,1f:Hl16 0.638 0 • 165!31 0.1661 0.671 

i·· () 0.6,iO 0. ()66 0.(Hl9 0.670 0.637 0.657 0.1558 0.668 

8 o.6,n 0 •1671[) 0.673 0.676 0.6:56 0.655 0 .11356 0 .l[Hi6 

12 0.643 0.676 0.680 10.685 0.635 0 .1653 0. 65•1 0 .IH:14 

17 (L6,:J1:5 1L687 O.fHH 0. '1'04 0.634 0.650 0.1653 0.662 

20 0.647 0 .1139":I" o.n1 C)o71~!2 o.o~rn 0. 6•Jd) O.Gfii2 0.661 



Im:pressed 
-~ur;rent 

( ;uan1IJ1 s • ) 

8 

l'l 

2!0 

nun l 

Im_pru~s sed. 
Cur1·En1.t ------

(1-1amJJS.) 

0 

5 

12 

l '7 

20 

'l'ABLE "VII (CON 1l1 HWED) 

OpeJ!l CiI·ctd t 11·otential .. ._ .... _ .. , ____ 
CathotHc _,.,,, ___ 

0.90 0.01 0.02 0.05 0 ~ 0() 

-0 .6316 -0. IH'i5 -0 .6162: -0 • 166~.~ -0 .{iZ,1Bl 

O.i1'337 0. if.j.5,15 0 .GIB4 o.1a,a,1 0.163,fi 

0.1638 0.65fl 0.6,67 0 .6167 o.,631.Jl 

0.63{) 0 .lh131 0.1~,'ll O.G72 O.ti33 

0.(i,J,1 O.G71 0 • fl,'1' 9 0.1080 0~ 1631 ~:! 

0. e,,~Hb 0. 6fH1, 0.15016, 0 .10D5 0. '63,0 

0 • i(iLJl:i\[j 0. ifHJ9 0.710 o.no o .1rrno 

_________ .. ,, .. --~·en Circuit ll?otei1tilln.l 
Catbo,[lic ... , .. _,.,_, ___ 

Q..~ 11,)0 0. 0!. 0 .0:::: 0.05 0.00 

-O.il:l39 -0. iG{i5 -0.0,57 -O.fi,16,6 -0. i':13,'9 

0.62Hl 0. fi,66, 0.0,70 0.16618 (\I e Q]1 ~~:[1 f:'.!~ 

0.,!}1.M,l O.fl1H'91 0.6"M 0.673 0. l[Viy,i} 

0. 64~,! 0 .11['ii";f :ii 0 .6,,80 Oi.680 0.6215 

0 o6L~3 0.11H9 O.iG\90 0. H1Ei2 0. 62'i'-:!: 

0 .·64,6 0 .692! 0.709 0.714 () .1632!: 

0. 64,7 0.701 0. 7 ;;~.;t 0.721,\[) 0.631 

67 

J_y_ol t.!) ·-·---·---
Anodic ..... ____ 

0.01 O.Of!.~ 0. ,(J15 

-0.(l,55 -O.iEl61 -0.611\:12 

O.iCi52 0 .65'll O.f:l5'fl1 

0. ilri49 0.65fl 0 .ili:i57 

0. fl,•JlB 0 .11:ifi".l 0 .. f:\5f.l 

0 .l(M,5 0.1653, O.i355i 

O.lfi<l:5 0.65~! 0.65,LJ, 

0.647 o.ias:;~ 0. 1354 

(vol ts L .. _______ 
!~£ 

0.01 0.02 0.05 

-0 .166'1: -0. 5,1:VI' -0.667 

0.661 O.G,15~li O.fl11En,{ 

0 .i(HH~ 0.(:160 0 .659 

0.1658 0 .,6\58 0 .t\56 

0.65'6 0.656 0.654 

0.654 0.65i'.ii 0 .G,52 

Oo15fiZI, 0.65[~ 0. '61 f:13 



Impressed 
Current ------

( J.lEUll]\Jl S . ) 
0 

2 

5 

8 

1 }2 

17 

r~o 

Hun l/69 

Imprefised 
Cur1+1ent --·--i---

(p.ainps.) 

0 

2 

5 

8 

12 

l '7 
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T.Al3LlfiJ VI I I 

BXI111~Jl:IJ[ll~N'l1.i1!.L CURl!l]~N'l' -POT .l!~N'.r Iil.L UIGLA'l' I ON SHI}) S 

Q_p1e11 Circuit :Potential ( V() l ts L _________ ----- Cathoi:1ic Anodic -··--·,··---- ---.. -
.!iOO 0.01 0.02 0. Oti 0.00 0.01 0. 02: 0.05 

-0. (i4G -0.161\38 -O.G,71 -0.67:~ -0. 64(} -0. 6G'Ll -o. (1,n -0.11373 

0. fii 117 0.11372: 0.,676 0.6,'7!)1 0 .G45 0 (0 1\:)i1615 ().<tl66 O.G1G6 

0 • 6L}fl, O.G7'!} O.i6185 0.691 0. <13114 0.5'60 0.6GO O.H58 

0.11351 0.6B8 0.698 0.707 0.643 0.556 0.655' 0.651 

0.'653 0.70~::: 0.7Hl o. n;1:Ji 0. 64,0 0.16,fif~ 0.6fi1 0. 6<1:6 

0 .1[';5,(3 0.72~! 0.74A o. 71(i4 0 .1\338 o. o<rn 0.647 0. 61!5 

0.658 0. 72li2 0.755 0.781 0.637 0.647 0 .(1"1\;8 0.6,44 

--······--·-······--·- OJien Circuit I1oten.tial. 0!:.olts l ··--.. ·--
Cathodic .Anodic ..... _., ................. __ --·--

o.oo 0.01 0. O~! 0. 0)3 0.00 0.01 0.02 0.05 

-0. 1644, -Oo10G3 -0. 6155 -O.G66 -0. ($43, -O.OG5 -0.166iei -0. fHH» 

0. 6<\1:16 0 .. 1569 OoC\71 0 .073 0. (34:::l O.iG5t, 0.1135'9 0.1135'9' 

0. G5i0 O.G80 (J .1684 0 •1688 0.63!)1 0.652 0.'551 0 .15,l9 

!LG54, o.,aB1z; 0.700 0.700, I[). 62111\3 0. 6416 O .G,1.15 0. f1.t13 

0.65'8 0.71 11: 0.7i~,5 0.72.i\5 0 • i(]l .~51 ;31 0.641 O.iG11c10 0. 1\J,lO 

0 o.\t)1\5fj,- 0. 7:1I8 0. 'l fi 16 0.7(:Vt]I 0.16~IO 0. {ii40 o. 0.6,.IJkO 

0 .6,t1i8 0.7£'u5i O."J7;:l 0.'787 0 • ,13 .1~.!( f3 0.6,t::i 0. i(j.,i:21 o. 
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TABLE VIII (CONTINUED) 

Run //70 

Impressed. 0I!_en Circuit Potential (volts} 
Current Cathodic Anodic 

(1-u1.mps.) o.oo 0.01 0.02 0.05 o.oo 0.01 0.02 .9..:..Q!. 

0 -0.646 -0.666 -0. (!rn,6 -0.669 -0.646 -0.666 -0.668 -0.670 

2 0.648 0.671 0.672 0.676 0 o64L.I, 0.662 0.662 0.664 

5 0.649 0.680 0.683 0.687 0.642 0.656 0.655 0.656 

8 0.652 0.692 0.697 0.702 0.640 0.651 0.649 0.648 

12 0.656 0.710 0.718 0 .1~M, 0.638 0.646 0.644 0.642 

17 0.660 0.734 o. 746 0.752 0.634 0.642 0.640 0.641 

20 0.664 0. '7 •1!6 0.760 0. 7"70 0.633 0.642 0.641 0.642 

Run //:74 

Impressed OE en Circuit I'otential {volts} 
Curren·t Cathodic Auodic 

(pamps.) .Q..&Q 0.01 0.02 0.05 0.00 0.01 0.02 0.05 

0 -0.645 -0.668 -0.671 -0.667 -0.646 -0.668 -0 .671 -0.1369 

2 0.645 0.670 0.674 0.671 0.645 0.667 0.668 0.665 

5 0.646 0.674 0 .fV!8 0.679 0.644 0 .664 0.665 0.661 

8 0.648 0.679 0.685 0.688 0.643 0.662 0.662 0.657 

12 0.649 0 • 1688 0.698 o. 710 0.642 0.659 0.659 0.653 

17 0.652 0.702 0.720 0.742 0.640 0.656 0.655 0.650 

20 0.653 0.713 0.'733 0.757 0.640 0.654 0.654 0.648 



Ethy 1 and ne 

Hun #34 
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Jlun l/=35 
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Hl 
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TABLE IX 

EXPEIUMENTAL CUR.nm,J'l~-PO'l']~N'I'IAL UELA'rIONSHIPS 

0£en Circuit Potential (volts) 

o.oo .2.:_Q.!, .Q_.02 0.05 o.oo 0.01 0.02 0.05 

-0.653 -0.671 -0.672 -0.680 -0.653 -0.871 -0.672 -0.679 

0 o 65Li 0.673 0.675 0.'685 0.1652 O.fHi9 0.670 0.675 

0.654 0.676 o.1s·rn 0 • 6 !)Li 0.652 0.667 0 .tH37 0.1570 

0.655 0.679 0.683 0.708 0.65g 0.665 0. fi64 0.666 

0.656 0.685 0.691 o.nrn 0.651 0.6,162 0.662 0.663 

0.657 0. 16 $)113 o.no 0.765 0.650 0.1660 0.659 0.657 

0.658 0 0 '1'03 0.720 0.775 0. 6~b!Ji 0. 1668 0.1657 0.655 

O]:!en Circuit, }l'ot,ential {volts 1 
Cathodic 1llno~lic 

fu.00 ().01 0.02 0.05 0.00 0.01 0.02 0.05 

-0.647 -0 .6,137 -0.672 -0.6,80 -0.647 -0.,667 -0 .1t:l"l0 -O.tl80 

0.648 0.670 0.674• Oc685 0 .fH,'l 1).667 0. 6{.rn 0. {377 

OooL.i:8 0.672 0.677 O.fHll 0. 6416 0.66,6 0 .667 0 .674 

0 .6491 0.675 0&680 0.698 0.646 0.064 0.6,65 0.671 

0.650 0.679 0.6816 0.717 0.645 0. 1662 0.663 0. IHiS 

0.651 0 .1388 0.1B96 0.75}:! 0 .,644 o.,65'9 0. 6 162 0 .,(Hi4 

0 .. 651 0. EH:114 0.708 0.7185 O.il:M,3 0.1658 0.661 0.6fi2 
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TAllLE IX (CONTINUED) 

Run #72 

Impressed 0]:!f.!ll Circuit Potential {v@lts} 
Current Cathodic Anoclic 

(µamps.) Q.~00 0.01 0.02 0.05 o.oo 0.01 0.02 .Q:_Q.§, 

0 -0.638 -0.661 -0.665 -0.666 -0.638 -0.661 -0.665 -0.667 

2 0.637 0.662 0.668 0.670 0.637 0.658 0.662 0.664 

5 0.638 0.667 0.676 0.677 0.635 0.655 0.658 0.660 

8 0.641 0 .6'i5 0.686 0.687 0.634 0.651 0.655 0.658 

12 0.643 0.690 0.708 0.708 0.630 0.647 0.651 0.655 

17 0.648 0.714 0.739 0.744 0.628 0.646 0.649 0.652 

20 0.660 0.729 0.759 0.767 0.627 0.647 0.647 0.652 

Run f/•13 

Impressed OI!en Cil·cuit Potential {volts} 
Curren-I; Cat1:!,odic Anodic 

(µamps.) o.oo 0.01 0.02 ~ 0.00 0.01 0.02 0.05 

0 -0.643 -0.664 -0.662 -0.667 -0.642 -0. 6 164: -0.667 -0.667 

2 0.643 0.667 0.669 0.6"{0 0.641 0.661 0.664 0.664 

5 0.645 0.672 0.675 0 .6'"{7 0.640 0.667 0.660 0.660 

8 0.646 0.678 0.683 0.685 0.638 0.654 0.657 0.657 

12 0.648 0.690 0.699 0.703 0.636 0.651 0.653 0.653 

17 0.651 o.no 0.726 0.735 0.633 0.648 0.650 0.649 

20 0.653 0.722 0.1,rn 0.751 0.632 0 .6'-J:7 0.649 0 .64,8 



72 

1'Al1LE X 

EXPERIMENTAL CUlU"I.EN'r-POTl~N'rIAL lU~LJ'l..'l'IONSHIP'S 

Morpholine 

Ihm #62 

.Impressed. OJHrn Circuit Potential (_volts2 
Current Cathodic Anodic 

(J:1amps.) o.oo 0.01 0.02 0.05 o.oo 0.01 0.02 0.05 

0 -0 .M,9 -() .668 -0.668 -0.1$67 -0.639 -O.fH37 -0. 6tH.i -0.6166 

2 0. 6,39 0.674 0.677 0.678 0.6Zi7 O.i!:161 0.659 0.658 

5 0. 1541 0.688 0.704 0.'718 O.i52l6 0.655 0.653 0.1(352 

8 0. 6"'.l3 0. 70'1 0.732 0.761 0.634 0.652 0 .1549 0.649 

12 0.1(346 0.733 0.764 0. 7891 0.632 0. 6·47 0. 6416 0.648 

17 0 .64,8 0.753 0 • "f8Lj, 0.812 0.629 0.643 0 .1645 0.647 

20 0.651 0.761 0. 79~?. o .sin 0.628 0 .64"1 10. 646 I(). M,6 

Rnn ~b53 

Im1)ressecl Op~]; Ci reui t. J.::2..i~.!!.'tl.!!. ..... { v o_J ts ) .... _,, __ , ___ 
Current Cathodic An~dic 

(;aa111ps.) ~00 I() 0 01 0.02 0.05 o.oo 0.01 O.{n 0.05 

0 -0.639 -0.668 -0.672 -0. 16'n:u -0.63,9 -0.668 -0.672 -0.673 

~}! 0. 6•i0 0 .ifJ72 0 .67"! 0.6791 0. 62I8 0 .•664, 0 .6137 IJl.ifli67 

5 0 .164,1 0 .1(}80 0.68'7 0.l(Hl13 0.63"7 0.660 0.663 IJl.166 2 

8 0. 61!2 0 • .f:i89 0.70~~ 0.715 0.635 0.657 0.659 0.658 

gi 0 .64,4 0.706 0.725 0.745 0.634 0.1552 0.655 0.654 

17 0.64'7 0.7}!4 O.'M7 0.770 0.632 0 .1t)Ll8 0.651 o.i0151 

:rn 0.650 0.7::l,2 0.755 0.781 0.630 0.647 0 .651 0.651 
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TABLE X ( CON'fINUBD) 

Run 111.f,4 

Impresse1:l Open Circuit Potential (volts} 
Current Ca:thoclic Anodic ----

(J',tamp,s • ) 0 • 100 0.01 0.02 0.05 0.00 0.01 0.02 0.05 

0 -0. ,(338 -0.668 -0.67}! -0.673 -0.638 -0 .i!'H;S -o.6n~ -0.672 

2 0 •. 53,,91 0.673 0.679 0.679 0.637 0.663 0.666 0.666 

5 0 .i\[$41 0.681 0.691 0.6'1H 0.636 0.658 0.661 0.660 

8 0. 643 0. 6 914 0.713 0. 7;,:;4, 0.634 0.655 0.658 0.657 

12 0 .iEHh5 0.715 OG740 Oo75B O.itl32 0.651 0.655 0. 6\54 

17 O. «H9 0.737 0. '71(34 o. 785 0.630 O.G47 0.651 0.652 

20 0.651 0.748 o.r12 0.796 0 .ifl2H 0.,6,{8 0.651 0.653 

Hun #65 

In111ressed Open Circuit Pot_~12tial (volts) ··---·--Current Cathodic Anodic ----
(µamps.) o.oo OoOl _0.0}~ 0.05 0.00 OoOl 0.02 0.05 

0 -0 .,640 -0. !H\i 1J -0.6n -O.i6i72 -0.640 -0.665, -0.6'71 -0.672 

2 0.1\340 0.668 0.676 0.677 0.638 0.661 0.666 0.667 

5 0. 64~! 0,1\3\75 0 .fJ.85 00688 0. 5;:;;7 0. i!356 0. 1(:16;!. 0.6162 

,8 0. iEH.:4 0.1684 0.699 0.708 0.621;5 0. fHj,;:~ 0.'65'[1 0.658 

U! 0 o 6,LJ:6 0.702 0.724 0.742 0 .,5;~,4 O.it:i49' 0 .(156 0.654 

17 0. !HI:!) 0.725 0.748 0.771 Ooi6131 0.647 0.6fii3 0.(J\52 

20 0.651 0.737 0.759 0 • 78,Li o.,a210 0.648 O.if:ii52 0 .16fil 
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TABLE XI 

EXPERIMENTAL CURRENT-POTEN'l'I.AL RELATIONSHIPS 

Qui no line 

nun #76 

ImpresLsed Ol!en Circuit Potential (volts} 
Current CathocUc Anodic 

(µamps.) o.oo 0.01 0.02 0.05 o.oo 0.01 0.02 0.05 

0 -0.646 -0.664 -0.662 -0.651 -0.647 -0.660 -0.658 -0.646 

2 0.647 0.665 0.664 0.655 0.646 0.659 0.656 0.642 

5 0.649 0.667 0.667 0.661 0.645 0.657 0.652 0.637 

8 0.650 0.670 0.671 0.668 0.644 0.655 0.650 0.631 

J 12 0.652 0.675 0.681 0.687 0 .l)LJ:2 0.652 0.646 0.624 

17 0.655 0.689 o. 712 0.725 0.641 0.649 0. 64:2 0.615 

20 0.657 0.705 0.729 0. "[',1,5 0.639 0 .. 648 0.640 0.611 

Run #77 

Impressed OJ12en Circuit Potential {volts} 
Curremt Ca.tbodic Anodic 

(µamps.) 0 .oo .Q.:.Ql 0.02 0.05 0.00 0.01 0.02 0.05 

0 -0.644 -0.659 -0.661 -0.656 -0.645 -0.660 -0.660 -0.654 

2 0.645 0.661 0.663 0.660 0.644 0.659 0.658 0.650 

5 0.645 0.665 0.668 0.665 0.643 0.656 0.655 0 • 6L!5 

8 0.646 0.669 o.e·rn 0.671 0.641 0.553 0.651 0.640 

12 0 .6L!9 0 .6'76 0.683 0.684 0.640 0.650 0.647 0.634 

17 0.652 0.688 0.705 o. 711 0.638 0.647 0.642 0.627 

20 0.653 0.698 o. 718 0.'728 0.636 0.645 0.640 0.622 
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TABLE XI (CONTINUED) 

Run #78 

Impressed . OEen Circuit Poten·tial {volts) 
Current Cathodic Anodic 

(µamps.) o .. oo 0.01 0.02 0.05 o.oo 0.01 0.02. 0.05 

0 -0.639 -0.655 -0.657 -0.656 -0.639 -0.655 -0.657 -0.647 

2 0.640 0.657 0.659 0.658 0.639 0.653 0.655 0.643 

5 o.6,n 0.660 0.664 0.663 0.637 0.651 0 .651 0.638 

8 0.642 0.664 0.667 0.667 0 .. 637 0.648 0.648 0.633 

12 0.644 0.670 0.675 0.675 0.635 0.645 0.645 0.627 

17 0.647 0.681 0 .. 690 O.i697 0.634 0.641 0 •1641 0.620 

20 0.649 0 .,692 0.705 0.719 0.632 0.639 0.638 0.618 

Run #80 

Impressed Of:!en Circuit Potential {volts} 
Current Cathodic Anodic 

(µamps.) o.oo JhQ! ~ 0.05 JhQQ 0.1)1 .Q..:.Q.g 0.05 

0 -0.633 -0.651 -0.655 -0.642 -0.633 -0.651 -0.654 -0.640 

2 0.634 0.653 0.657 0.645 0.633 0.650 0.652 0.637 

5 0.634 0.656 0.660 0.651 0.632 0.648 0.,649 0.632 

8 0.636 0.658 0.663 0.656 0.631 0.645 0.647 0.627 

12 0.637 0.663 0.669 0.664 0.630 0.642 0.644 0.622 

17 0.639 0.671 0.678 0.,679 0 .62'!) 0.639 0.639 0.616 

20 0.640 0.675 0.686 0.695 0.628 0.637 0.638 0.612 
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TAJrH,E XII 

EXJ?ERIMENTAL CUH.REN'I'-l10TEN'll1I.AL IU~LATIONSHIPS 

'.t1 ri ethanol amine 

Uun#42 

Impressed ----·-·-- OJJ,e11 :~i.rcui t Potential__{_y_o,lttl _______ _ 
Current C~:P1@d.ie ll..uod.ic 

(µamps.) o.oo 0.01 0.02 0.05 0.00 0.01 0.02 ~ 

0 -0. 64,3 -0.664 -0.670 -0 .674, -0 .tH,3 -0.663 -0.66!tl -0.,674 

2 0. rl1i43 O.rfH.H3 0.($72 0.677 0 .(H2 0.(HH O.iti67 0.671 

5 0 o ID LJ:'J: 0.669 O.iCu75 o.,os~~ 0. 6·41 o.,r:;59 0.6($4, 0 .il[H37 

8 0.645 0.6"!2 0.080 0.6!Ji3 0.1()40 0.655 0.(i62: 0.61132 

1 f~ O. M,6 0.680 0.(190 0. 7::lr5 0.639 0. 654- 0.659 0.658 

17 0.l(]L.J:'j 0.6!);2: 0.724 0. 785 o.,62i8 0.651 0.65Ei 0.654 

20 0.648 o. 710 0.745 0.783 0.637 0.6150 0. l[:153 0.651 

Itun f/113 

Impressed Open Circuit Jl'otenti al vol·ts) --.. -· .. --..... 
Current Cathoclic A~clic 

(µamps.) .Q..:.QQ _o. 01 o. o~~ 0.05 0 0 00 0.01 0.02 0.05 

0 -0 .64,6 -O.(H:16 -0. 6,f.16 -0.66'6 -0. 64f1 -0.666 -0.066 -0. ,666 

rt 0 .if:lLJ,7 0.668 0.668 0 .'670 0 .,eHl,5 O.fHM o.,a,113 O.f3rtH 

5 0 .1511,7 0.672 o.6n 0.674 0.'645 O.tHH 0.65I} O.rt361 

8 0 • l3L];8, 0.1375, 0.6Ti 0.680 0. 6<1:1! 0.658 0.656 O.iEi58 

12 0 • 164'9 o. o~rn 0.6:Bfi O.lf:HJrO 0.643 0.655 0.652 o.tl56 

17 0 .,650 0. 702: 0.'709 o. ·mo (Jlr .16\L;i,j?, 0.65}1 0. (M,8 o.,1553 

20 0 • 1651 0.71~~ 0. '7 I?8 0.71Hi 0.6i4-l 0.650 0 .64,6 0.6!5~! 
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'l'ABLE XII (CONTINUED) 

Run i/=79 

Impressed. OJi e~!_ Circuit !;1~:~entiaL{.yol ts} --·--Curren-t Ca iJrn ,rli c An!.Hlic -----
(uamps.) o.oo 0.01 0.02 0.05 o.oo 0.01 0.02 0.05 

0 -0.,61!2 -0.665 -0.'665 -0.659 -0.6.c.l:2 -0.665 -0.665 -0.658 

2 0.642 0.667 0.668 0 .Gl\33 0 o 6LJ:2 O.fi.G3 0.66;! 0 .1653 

5 0 .64,3 0.670 0.672 0. l:Hii8 0.641 0.661 0.660 0 .(350 

8 0.64:4 0.674 0.677 0 .6,716 -.,641 0.659 0.657 0.646 

l '> ,~ 0. 6115 o.,6so 0.688 0.6!12 0.640 0.657 0.654 0.642 

17 0 .164,t'J O.tHH 0.711 0. 73,0 0 .63~11 0.(15-•i 0.651 0.641 

20 {) 0 1DL!8 0.701 0.727 0.'751 0.638 0.652 0.649 0.640 

lhrn. ii1 'f81 

Impressed --.. -···---'"' Open Circui Uuotential L!.2,J. -ts) 
Current Cathodic A~fu 

( ua:mps.) o.oo 0.01 0.02 0.05 0 .oo 0.01 o. o~~ 0 0 05 

0 -(JI .643 -0.1\360 -0.61iii3 _,o,. 653 -0. 643, -0.6160 -0 .6:!H -0.649 

2 o.,64,4 0.'661 0 .15,164 0 .6,56 0.6 113; 0.659 o.ierng1 0.647 

5 0.645 O.GiEl3 0.666 0.660 0 .6'-12 0 .1658 0.1358 0.644 

8 0. (i45 0. 6(i4 0.!369 0.6164 0 .{>LH 0.657 0.656 0 .1643 

12 0 .ifj,,:J:6 O.fH16 0.673 0.672 0.6LH 0.657 0. iti 54 0.641 

17 0.648 o.6n 0.685 0.®03 0.640 0.655 0.652 0.639 

20 0.649 0 .f3'76 0.700 0. 715 0 .,64,0 0.654 0.651 0.640 
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TABLE XIII 

COMPOSITE TABULATION OF DATA FOR CALCULATING RESISTANCES PER UNIT AREA 

Aniline 

Run :Ji. N Slope r r E E a C a C -
-(volts)-Cathodic Anodic Cathodic Anodtc Mean* Cathodic Anodjc Mean* 

(%) (volt/µampere) · (ohms) . (ohms) 

51 o .. oo 0.00050 0 .. 00050 317.1 322.2 319.6 788 .. 5 776.2 784.2 -0.743 -0 .. 475 
0.01 0.0013() 0.00100 970.8 746.8 858.8 1740.8 1339.1 1540.0 -0.540 
0.02 0.00145 0.00120 1068.4 884.2 976.3 1967.9 1628.6 1798.3 -0.545 
0.05 0.00155 0.00130 1144.4 981.1 1062.8 2099.4 1722 .. 5 1911.0 -0.557 

52 o.oo 0.00050 0.00050 312.1 317.1 314.6 801.0 788 .. 5 794.7 
0.01 o.oouo 0.00110 789.0 821.5 805.3 1533.5 1473.0 1503.3 
0.02 0-.00155 0.00150 1190.2 1128.3 1159.3 2018 .6 1994.1 2006.4 
0.05 0.00185 0.00180 15!H .O .1724.2 1657.6 2151.2 1879.1 2015.2 

53 o.oo 0.00070 0.00070 403.5 403.5 403.5 1214.3 1214.3 1214.3 
0.01 0.00185 0.00190 1354.0 1390.6 1372.3 2521.6 2595.9 2561.8 
0.02 0.00235 0.00200 1804.5 1535. 7 1670. I 3060.5 2604.7 2832.6 
0.05 0.00215 0.00180 1809.4 1514 _-9 1662. 2 2554.7 2138.8 2346.8 

54 o.oo 0.00050 0.00050 317.1 312.l 314.6 788 .. 5 801.0 794.8 
0.01 0.00120 0.00130 878.3 951.5 914.9 1639.5 1776.2 1707.9 
0.02 0.00140 0.00140 1053 .. 1 1053.1 1053.1 1861. 2 1861.2 1861.2 
0 .. 05 0.00200 0.00170 1683.1 1400.0 1541.6 2376.5 2064~3 2220.4 

* values used for analysis of variance 
-l 
();) 



TABLE XIV 

COMPOSITE TABULA'l'ION OF DATA FOR CALCULATING RESISTANCES PER UNIT AREA 

Cyclohe:xylamine 

Run i N Slope r r a C - Cathodic Anodic Cathodic Anodjc Mean* Cathodic Anodic Mean* 
(%) (volt/µampere) · ( oh;ms) : (ohms) 

55 o.oo 0.00040 0.00040 257.7 261.7 259.7 621.0 611.3 61605 
0.01 0.00100 0.00080 745.5 596.4 671.0 1341.5 1073.2 1207.4 
0.02 0.00130 0.00100 1040.0 818.2 929.1 1625.0 1222.2 1423.6 
0.05 0.00180 0.00140 1800.0 1435.0 1617.5 1800.0 1365.9 1583.0 

56 o.oo 0.00050 0.00040 307.2 241.9 274.6 813.0 661.4 737.2 
0.01 0.00105 0.00095 799.5 738.9 769.2 1378.9 1221.4 1300.2 
0.02 0.00115 0.00110 920.0 941.2 930.6 1437.5 1285.5 1361.5 
0.05 0.00150 0.00130 1500.0 1300.0 1400.0 1500.0 1300.0 1400.0 

58 o.oo 0.00040 0.00030 253.7 253.7 253.7 630.8 630.8 630.8 
0.01 0.00160 0.00140 1094.7 978.8 1036.8 2338.5 2002.5 2170.5 
0.02 0.00215 0.00190 1681. 7 145209 1567.3 2748.7 2484.6 2616.7 
0.05 0.00240 0.00200 2174.1 1811.s 199:f.o 2649.4 2207.8 2428.6 

59 o.oo 0.00040 0 .• 00040 253.7 253.7 253.7 630.8 630.8 630.8 
0.01 0.00080· 0.00090 596.4 670.9 633.7 1073.2 1207.3 1140.3 
0.02 0.00095 0.00110 760.0 880.0 820.0 1187 .5 1375.0 1281.3 
0.05 0.00135 0.00120 1317.1 913.0 1115.1 138308 1577.1 1480.5 

E E a C 

-(volts)-

-0.743 -Oe475 
-0.551 
-0.563 
-0.581 

-.;J 
co 



TABLE XIV (CONTINUED) 

60 o.oo 0.00060 0.00040 411.3 265.8 338.6 
0~01 0.00090 IJ. 00150 777.7 1269.2 1023.5 
0.02 0.00100 0.00120 818-~2 10,()4 .1 911.2 

-------
0.05 0.00110 0.00120 1127.5 1 2 0 0 • 0 1.16 3 • 8 

------ ' - :,. ~ -.. -. 

61 o.oo 0.00040 0.00040 253.6 253.6 253.6 
0.01 0.00070 0.00090 478.9 642.9 560.9 
0.02 0.00150 0.00170 1096.2 1023.1 1059.7 
0.05 0.00140 0.00170 1300.0 1502.3 1401.2 

* values used for analysis of variance 

875.2 
1041.6 
1222 .. 2 
1073.2 

630.8 
1023.1 
2052.6 
1507.7 

601.9 738.6 
1772.7 1407.2 
1434.1 1328.2 
1200.0 113(L6 

630.8 630.8 
1260.0 1141.6 
1915.8 1984.2 
1923.7 1715.7 

Ci:) 

0 



TA.BLE XV 

COMPOSITE TABULATION OF DATA l!!,O:U C.ALCULArrING RESISTANCES PER UNIT A:UEA 

Dimethylaiminoethanol 

Run ff N Sl OJ)e 
r r 

a C 

Cathodic Anodic Cathodic Anodic Mean* Cathodic Anodi,c Mean* 
(%) ( vol t/,..iampere) (ohms) ( ohJ::trn) 

68 o.oo 0.00055 0.00055 312.0 312.0 312~0 969.6 969.6 969.6 
0.01 0.00210 0 .00190 1450.9 1255.4 1353.2 303!L5 2875.7 2'957.6 
0.02 0.00250 0.00230 2050.16 1840.0 1'945.3 304:7. 9 2875.0 2961.5 
0.05 0.00320 0.00330 3112.3 3209 .6 3161.0 3290.6 339;3 .o 3341.6 

69 o.oo 0.00095 0.00080 54'7. 6 476.1 511.9 16·'18.0 1344.0 14:96.0 
0.01 0.00305 0.00290 2301. 9 2141.1 2221.5 4041.3 392,7.8 3984.6 
0.02 0. 002.90 0.00350 2692. 9 3250.0 2971.5 3123.l 3769. 2 3<!:46. 2 
0.05 0.00370 0.00370 43"!2. 7 4252.2 4312.5 3130.8 3218.5 ;3,175.2 

70 o.oo 0.00075 0.00060 425 .4- 345.9 385.7 1322.2 104 0 • 8 1181 • 5 
0.01 0.00250 0.00220 1805.6 1554.1 1679.9 3L161.5 3ll!.!,.3 3287 .9 
0.02 0.00310 0.00290 2808. 2 ~~500.0 2654.1 3422.1 3364.0 3393.1 
0.05 0.00320 0.00280 3382.9 2960.0 3171.5 3027.0 2648.6 2837.8 

74 o.oo 0.00040 0.00040 230.6 22,6. 9 228.8 693.9 705.2 699.6 
0.01 0.0()100 0. OO(HW 702.7 632.4 667.16 1423.1 1~180.8 1352.0 
0.02 0.00130 0.00140 1040.0 1120.0 1080.0 1625.0 1750.0 1687.5 
0.05 0000200 O.OOHiO 2235.0 1739.1 198'7.l 1789.5 1472.0 1630.8 

* values used for analysis of variance 

E E 
a C 

-(volts)-

-0.743 -0.475 
-0.557 
-0.581 
-0.599 

w ..... 



'·· 

TABLE XVI 

COMPOSITE T,ABULA'l'ION OF DATA FOR CALCUL.!11..'l'ING RESISTANCES PER UNIT AREA 

Ethyl amine 

R~ N SloEe r r E E 
a C a C - - )-Cathodic Anodic Cathodic Anodic Mean* Cathodic Anod~c Mean* (volts 

(%) ( vol t/µampere) : (ohms) ,· ' (ohms) 

34 0.00 0.00025 0.00020 127.5 102.0 114.8 490.3 393.0 441.7 -0.743 -0.475 
0.01 0.00090 0.00070 612.7 476.5 544.6 1322.1 1028 .. 3 1175.2 -0.564 
0.02 0.00125 0.00105 887.5 745.5 816.5 1760.6 1478.9 1619 .. 8 -0.671 
0.05 0.00250 0.00220 2100.0 1902.7 2001.4 2976.1 2543.8 2760.0 -0.679 

35 o.oo 0.00020 0.00020 108.0 111.6 109.8 370.2 358.3 364.3 
0.01 0.00080 0.00050 590.3 368.9 479.6 1084.2 677.6 880.9 
0.02 0.00090 0.00090 639.0 654.5 646.7 1267.6 1237.5 1252.6 
0.05 0.00200 0.00130 1680.0 1124.3 1402.2 2380.9 1503.1 1942.0 

72 o.oo 0.00040 0.00040 261.7 261.7 261.7 611.3 611.3 611.3 
0.01 0.00080 0.00150 691.7 1268.0 979.9 925.3 1774.4 1349.9 
0.02 0.00150 0.00150 1258.1 1258.1 1258.1 1788.5 1788.5 1788.5 
0.05 0.00170 0.00170 2145.9 2083.9 2114.9 1346.8 1386.8 1366.8 

73 o.oo 0.00040 0.00050 241.9 302o4 272.2 661.4 826. 7 744.1 
0.01 0.00120 0.00130 948.0 1027.0 987.5 1519.0 1645.6 1582.3 
0.02 0 .. 00150 0 .. 00130 1228.7 1064.9 1146.8 1831.2 1587.0 1709.1 
0.05 0 .. 00190 0.00180 2329.0 2206.5 2267.8 1550.0 1468.4 1509.2 

* values used for analysis of variance 00 
NI 



TABLE XVII 

COMPOSITE TABULATION OF DATA FOR CALCULATING RESISTANCES PER UNIT AREA 

Morpholine 

Run ii_ N Slope r r E E 
a C a C - -(volts)-Cathodic Anodic Cathodic Anodic Mean* Cathodic Anodic Mean* 

(%) (volt/µampere) : ( ohms) · (ohms) 

62 o.oo · 0.00060 0.00055 386.5 348.8 367.7 931.4 867.3 899.4 -0.743 -0.475 
0.01 0.00350 0.00280 2418.2 1934.5 2176.4 5065.8 4052.6 4559.2 -0.557 
0.02 0.00400 0.00300 3225.8 2600.0 21H3.9 4960.0 3461. 5 4210 .8 -0.575 
0.05 0.00450 0.00390 4621.6 4113.7 4367.7 438l.6 3697.4 4039.5 -0.593 

63 o.oo 0.00040 0.00040 253.7 253.7 253.7 630.8 630.8 630.8 
0.01 0.00195 0.00180 1317.6 1216.2 1266.9 2886.0 2664.0 2775.0 
0.02 0.00250 0.00250 1829.9 1829.9 1829.9 3415.5 3145.5 3415.5 
0.05 0.00325 0.00270 2843.8 2362.5 2603.2 3714.3 3085.7 3400.0 

64 o.oo 0.00060 0.00050 386.5 322.1 354.3 931.4 776.2 853.8 
0.01 0.00225 0.00240 1520.3 1621.7 1571.0 3330 .·o 3552.0 3441.0 
0.02 0.00315 0.00240 2305.7 1800.0 2052.9 4303.5 3200.0 3751.8 
0.05 0.00325 0.00310 2768.1 2786.1 2773.0 3815.2 3449.3 3632.3 

65 o.oo 0.00050 0.00050 317.1 317.1 317.1 788.5 788.5 788.5 
0.01 0.00195 0.00180 1471.7 1329.0 1400.4 2583.8 2438.0 2510.9 
0.02 0.00225 0.00250 1687.5 1875.0 1781.3 3000.0 3333.3 3166.7 
0.05 0.00285 0.00250 2561.4 2246.8 2404.1 3171.1 2781.7 2976.4 

* values used for analysis of variance 00 
t:,'l 



TABLE XVIII 

COMPOSITE TABULATION OF DATA FOR CALCULATING RESISTANCES PER UNIT AREA 

Quinoline 

Run .i. N Slope r r E E a C a C - -(volts)-Cathodic Anodic Cath-0dic Anodic Mean* Cathodic Anodic Mean* 
(%) (volt/µampere) :(ohms) : {"ohms) 

76 o.oo 0.00050 0.00040 283.6 223.3 253.5 881.4 71607 799.7 -0 .. 743 -0.475 
0.01 0.00070 0.00070 489.4 533.0 511.2 1001.3 919.3 960.3 -0.551 
0.02 0.00090 0.00090 656.6 714.9 685.7 123303 1132.9 1183.l -0.551 
0.05 0.00190 0.00190 2131. 7 2393.5 2262.6 1693.5 1508.2 1600.9 -0.569 

77 0.00 0.00030 0.00030 172.9 175.7 174.3 520.4 512.1 516.3 
0.01 0.00100 0.00100 777.B 761.5 769.7 1285.7 1313.3 1299.5 
0.02 0.00130 O.OOllO 969.1 837.6 903.4 1743.9 1444.6 1594.3 
o.o5 0.00170 0.00170 1700.0 1780.0 1740.0 1700.0 1623.6 1661.8 

78 o.oo 0.00050 0.00040 322.1 253.7 287.9 776.2 630.8 703.5 
0.01 0.00090 0.00090 761.5 761.5 761.5 1063.6 1063.6 1063.6 
0.02 0.00120 0.00110 973.6 892.5 933.l 1479.l 1355.8 1417.5 
0.05 0.00130 0.00170 1300.0 2141.6 1720.8 1300.0 1349.5 1324.8 

80 o.oo 0.00030 0.00030 208.9 208.9 208.9 430.9 430.9 430.9 
0.01 0.00050 0.00060 460.0 552.0 506.0 543.5 652.2 597.9 
0.02 0.00090 0.00090 761.5 777.7 769.6 1063.6 1041.6 1052.6 
0.05 0.00155 0.00150 2144.5 2176.1 2160.3 1120 .3 1034.0 1077.0 

* values used for analysis of variance 00 
.;,.. 



TABLE XIX 

COMF'OSI'rE TABULi'lTION OF DA'rA FOR CALCULATING llESISTANCES PER UNI'r ARE.A 

Tri ethanol amine 

Run# N Slope r r 
a C 

Cathodic Anodic Cathodic Anodic Mean* Cathodic Anodic Mean* 
(%) ( vol t/,_truu:i,)ere) '(ohms) , (ohms) 

42 o.oo 0.00025 0.00025 148.8 148.8 148.8 420.0 420.0 420.0 
0.01 0.00100 0.00080 75!:Ji. 6 621.4 690.5 1316.5 1030.0 1173.3 
0.02 0.00120 0.00080 1082. '9 722.0 902.5 1329.7 886.5 ll08.l 
0.05 0.00165 0.00140 1581. 3 1341. 7 1461.5 1721. 7 1460.9 159L3 

43 o.oo 0.00025 0 .000~?!5 141.8 141.8 141.8 440.7 LJ:LJ,O. 7 440.7 
0.01 0.00090 0.00090 653.8 653.8 653.8 1239.0 1239~0 1239.0 
0.02 0.00105 0.00120 1023 •Ll, 116B.6 1096.5 1077.3 1231.2 1154.3 
0.05 0.00li50 0.00100 1925.0 1203.1 1564.1 1329.9 831..2 1080.6 

79 o.oo 0.00030 0.00025 181.4 15L2 166. 3, 496.0 Lll3 oLl 454.7 
0.01 0.00060 0.00070 455.8 520.0 487.9 789.9 942.3 866.1 
0.02 0.00130 O.OOllO 1300.0 1100.0 1200.0 1300.0 1100.0 1200.0 
0.05 0.00170 0.00180 2505.3 2814.5 2660.0 1153 .6 1151.2 1152.4 

81 o.oo o. ooo:rn 0.00020 178.6 lHl .O 148.8 504.0 336.0 420.0 
0.01 0.00060 0.00030 509.1 251.8 380.5 707.1 357.5 532.3 
0.02 0.00080 0.00080 864.0 886.5 875.3 740. 'l 722.0 731.4 
0.05 0.00120 0.00100 2117 .6 2000.0 2058.8 680.0 500.0 590.0 

* values used for analysis of variance 

E E 
a C 

-(volts)-

-0.743 -0.475 
-0.560 
-0.587 
-0.602 

ca 
CYl 



TABLE XX 

.ANALYSIS OF VARIANCE OF RESIST.1\NCE PER UNIT AUEA 

Aniline 

Source of 
Variation 

Total 

Runs 

Treatment 

Error 

1. Anodic sites 

Degrees of 
Freedom 

15 

9 

Sum of 
§guares 

3,607,542 

468,304 

2,862,724 

276,514 

Standard Error of Mean = 88 

2. Cathodic Sites 

Total 15 5,739,400 

Runs 1,348,592 

Treatment 3 4,056,195 

Error 9 334,613 

Standard Error of Mean = 96 

Least Significant Difference = 390 (t0.05-138) 

Mean 
Square 

156,100 

954,232 

30,723 

449,5;30 

1,352,065 

38,179 

86 



TABLE XXI 

ANALYSIS OF VARIANCE OF RESISTANCE PER UNIT AREA 

1. Anodic sites 

Cyclohexylamine 

Source of 
Variation 

Total 

Runs 

Treatment 

Error 

Degrees of 
Freedom 

23 

5 

4 

14 

Standard Error of Mean = 89 

2o - Cathodic 

Total 23 

Runs 5 

Treatment 4 

Error 14 

Standard Error of Mean = 113 

Least Significant Difference = 390 

Sum of 
Squares 

5,459,081 

586,239 

4,357,424 

515,418 

sites 

7,055,812 

2,008,977 

3,880,052 

1,166,783 

Mean 
Square 

11,248 

1,089,356 

36,816 

401,795 

970,013 

83,342 

87 



TABLE XXII 

ANALYSIS OF VARIANCE OF RESISTANCE PER UNIT ARrul. 

1. Anodic sites 

Dimethylaminoethanol 

Source of 
Variation 

Total 

Runs 

Treatment 

Error 

Degrees of 
Freedom 

15 

9 

Standard Error of Mean = 191 

2o Cathodic 

Total 15 

Runs 

Treatment 

Error 9 

Standard Error of Mean = 198 

Least Significant Difference = 390 

Sum of 
Squares 

22,737,182 

4,766,980 

16,608,875 

1,361,327 

sites 

17,122,510 

6,440,423 

9,252,720 

1,429,367 

{t0o05-138) 

Mean 
Square 

1,588,993 

5,536,292 

151,259 

2,146,786 

3,084,209 

158,815 

88 



TABLE XXIII 

ANALYSIS OF VARIANCE OF RESISTANCE PER UNIT .A.Im.A 

Ethyl amine 

Source of 
Variation 

Total 

Runs 

Treatment 

Error 

1. Anodic sites 

Degrees of 
Freedom 

15 

3 

9 

Sum of 
Squares 

7,368,962 

717,800 

6,447,251 

203,911 

Standard Error of Mean = 89 

2 .. Cathodic sites 

Total 15 5,765,914 

Runs 3 329,068 

Treatment 4,069,883 

Error 9 1,366,963 

Standard Error of Mean = 192 

Least Significant Difference = 390 (t0.05-138) 

Mean 
Square 

289,264 

2,149,062 

22,656 

109,688 

1,356,614 

151,882 

89 



TABLE XXIV 

ANALYSIS OF VARIANCE OF RESISTANCE PER UNIT ii.REA 

1. Anodie sites 

Morpholine 

Source of 
Variation 

Degrees of 
Freedom 

Total 15 

Runs 

Treatment 

Error 9 

Standard Error of Mean = 180 

2. Cathoclic 

Total· 15 

Runs 3 

'freatment 

Error 9 

Standard Error of Mean = 175 

Sum of 
Squares 

19,217,020 

2,574,468 

15,464,928 

1,177,624 

sites 

25,767,230 

2,638,690 

22,0H),170 

1,109,370 

Least Significant Difference = 390 (t ·) 0.05-138 

Mean 
Square 

858,147 

5,154,924 

130,844 

879,555 

7,339,650 

123,261 

90 



TABLE Il'"V 

ANALYSIS OF VARIANCE OF RESIST1\NCE PER UNIT AJlEA 

Qui no line 

Source of 
Variation 

Total 

Runs 

Treatment 

Error 

1. Anodic sites 

Degrees of 
Freedom 

15 

9 

Sum of 
Squares 

7,023,973 

2,542 

6,673,315 

348,116 

Standard Error of Mean = 98 

2. Cathodic sites 

Total 15 2,314,161 

Uuns 3 500,178 

Treatment 1,580,575 

Error 9 233,408 

Standard Error of Mean = 79 

Least Significant Difference = 390 (t0.05-138) 

Mean 
Square 

843 

2,224,116 

38,679 

166,724 

526,853 

25,934 

91 



TAUL:!!] XXVI 

ANALYSIS OP V.1'lfU.1l .. :NCE 0]}1 IUI!:SIS'l/'.\.NCIJl PlillU UNI'!' JU!Jt~A 

1. A.uodic si-tes 

1'ri etha1io l alll1i ne 

Source of 
Variati1n'l. 

Total 

nuns 

Error 

Degrees of 
]!'r.e.ecll.om 

15 

Standard Error of Mean 147 

Su111 of 
Sg_uares 

B,Hl8 ,440 

78<1: ,489 

2. Cathodic sites 

Total 15 2,088,957 

Runs 3 

Treatment 

Error 9 3'Hl, 498 

Standard Error of Mean = 

Least Significant Difference = 390 

],'\lean 

s fl 1:l!.!.:£ 

84,867 

2:, 356,425 

87,164 

3'Hi ,805 

92 



'rABLE XXVI I 

WEIGH'!' LOSSES \'Hi' AHMlCO IRON S'rIHPS IN Si'A'l'IC TES'l'S 

Inhibitor N 
(Jh) 

.2-~s 

Control o.oo 130 0 <19 

Aniline 0.01 146 .}H, 
0.05 113.18 

CHXA 0.01 109.30 
0.05 66.92 

DB'1AE 0.01 ss .::n 
0.95 37.47 

ETifYLi\JvlINE 0.01 80.88 
0.05 L!Q • 05 

Morpholine 0.01 77.00 
0.05 LUO 09 

Quinoline 0.01 109.82 
0.05 70.80 

TE.ii..+ 0.01 89.41 
0.05 25.84 

* Average of weight losses for 4 strips 

+ T&\ ,ms checked at 6 ~uul 10 days. 

Weight loss (6 days) = 36 .43 mgms/chu2 

(10 days) = 142.89 mgms/111l!l12 

We it1;ht Lo !:is'* 
(mgms/ chn.''~) 

!...Jlays 

206.46 

;:10!) .82 
209.82· 

187. 60 
'96 .38 

157.36 
8'L24 

159.17 
85.53 

167. 70 
79.33 

163.82 
86.05 

162.01 
30.23 

93 

8 days 

288.11 

302.58 
281.65 

276.23 
222.22 

273.,s,1 
170.54 

269.77 
160.46 

257 .11 
154.00 

247.54 
10~! .84 

268.73 
121.96 
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