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I, INTRODUCTION

The nrocess of oieling iren snd steel, in ~hosphoric acid,

in preperstion for surfece coatings ond in whogrchatizing requires

@

the use of an inhibitor. The process =ctuzlly smounts to the

dincing of steel sheets an acid sointicn to remove the oxide

ha

fiim of

-

film ond < vhosohete or meke bare the metal ser—

£

e-oclit &

fzce., In order to remove only the oxide film, it is necessary to

heve sn inhibitor wresent which will, when the metzl surfeoce is

exnosed, invisible film which will nrotect the

matsl from atteck by the scid mediunm,

face for trestment.

and

prepare the

netal sur-

The informetion on swch inhibitors for phosvhoric scid is
very incdecuste, slthough for hydrochloric anéd sulfuric zcid the

on ig voluminous.

Hegesrch work ot the University of Hinnesota on preventing
corrogion of steel in swulfuric scid served =g = besis for a new

theory on the mechenism of inhibitors, It was found thet organie
comrounds containing nitrogen sct 28 inhibitors for steel, The
compoands used were of high molecular weilrht, usually anilines

and other amino compovnds, Hesearch work &t Virginis Polytechnic
Institunte on the corrvosicn of conner in vchosghoric scid has dbrought

forth =

chelete ring

It is the vpurvose of

new theory on inhibition,

bonding

iy be responsible for inhirition.

this inve

Edward R. Whaley

oroposed that
(73)

etizeation to determine the



effacts of several nitrogen-contzininge orgenic compounds on the

-

corrnsion of steel in rthosphoric acid ssiwution,



IT, LITEATUZE ROVIEW

A, Definition of Correosion

Corrosion may be defined, sccording to Uhlig zné Evens

~s the destructisn of & metel by chemical or electrochemiczl action,

Q . . , .
or =8 Burns(°) statee in the most gensrzl terms, =s the chemicsl

rezctisn of 2 metel with the non-metzllic constituents of its

(58
envirenment., Sveller defines it 2¢ "the chemicel sction of

certain externsl on nmetels which cause their deteriora—

tion or destruction, followeld by & reverzion to & more stcble com—
bin=tion".

B, Theories of Corrosion

Doring the pest fifty years vericus theories hove been introduced

to explzin the mechanism of corrosion., Some of these theories in-

volve only & few fectors while others are comprehensive explanations

of the whole problem of corrosion,

The Peroxide Theory. The mechanism of this theory zg given by

o4 (16) . . (15)
Dunstan and Hill and also by Duvnstan, Jowstt, and Goulding

denends on the following reactions:
Fe + 02 -+ Hgo = Fe(Q + HgOg
2F=0 + EsOo= Fes iz b E5O
and Fe + HpOn = Fe0O + HoO

2Fe0 + HoOg = FesOz + HoO

been isolated in the rescti~n with iron, althourh with other

15,30 . . . , 4
metsls( »30) peroxide has beesn isoleted during corrosisn., It hes



been found that many soluble substances which decompose and there-
fore interfere with the existance of the peroxide, also prevent the

(59) states that, according to this theory,

rusting of iron. Speller
corrosion should cease if a reducing agent (against peroxide) is
present; however, his own experiments heve proven this to be false,

The Theory of Direct Chemical Attack. This theory was advanced
(5)

. It may be represented by the ecuation:

Fe + Hy0 + 305 = Fe(OH),

Bancroft(4) concluded that "the most striking characteristic

by Bengough and Stuart

of an electrolytic solution is that it occurs in two places, at
the anode and cathode, This peculiarity can be made less marked
by bringing the electrodesnesrer and nearer together, When the
distance betﬁeen them vanishes, we have a chemisal reaction in the
ordinary sense of the word and not an electrochemical reaction®.

The Electrochemidal Theory. This theory was first advanced by

Whitney(77> in 1903, and has been accepted as the best offered to
explain the complexities of corrosion.

The idea of this concept is that a metal when placed in o
solution tends to ionize through the evolution of an equivalent
of hydrogen ioms. Walker(ﬁg), in developing Nernst's theory of
solution pressures, states that the solution pressure of metals,
i.e. the tendency of & metal to go into solution, is variable,
metals falling into two general classes:

(1) Those whose solution pressures are greater than hydrogen,
for example, iron and zinc,
(2) Those whose solution pressures are less than hydrogen,

for example, #0dd and copper,
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This means, then, that if the solution pressure of & metal is
greater thon hydrogen, the metal should corrode more readily than
one whose pressure is smaller, Watts and Whipple(71) came to the
same conclusion after studying the potential differences of the
metals, They considered metals with rotentials greater than hy-
drogen as being readily corrodible and those with potentials less
than hydrogen as more likely to be stable,

(6)

The designation of corrosion as an electrolytic process makss
necessary the presence of an anode area and a cathode area in order
to have a current flow, Thus, the process consists of the loss of
electrons at the anode and a corresponding gain of electrons at the
cathode. In other words, it is a true oxidation-reduction reaction,

Speller(72) states that "the magnitude of electrochemical
potential, which varies with environment znd the metal, determines
the tendency for the reaction to proceed; but the rate of corrosion
1s determined mainly by the resistance to continued progress of the
reaction set up by certsin of the corrosion by-products”,

Mann(44’45'47) thinks of corrosion as the formation of a
Helmholtz double layer on the metal i.,e. two layers of oppositery
charged electricty. When a metal is placed in solution it ionizes
into positive ions, thue leaving the metal surfzce negative. This
sets up the Helmholtz double layer,

By the electrochemical theory, hydrogen is displaced when a
metal goes into solution, Thus, for a bivalent metal, M, as most
metals are,

M—s M7 «2(e)

2" ¢ 2(e) —» 2H
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If the reaction is to continue, the hydrogen thus displaced must be
liberated as a gas, or it must react with dissolved oxygen from the
atmosphere or from some oxidizing agent to form water. The loss of
this hydrogen thus mskes the metal surface available again for
further deposition of hydrogen from the corroding medium, therebdby
continuing the process. Bogart(7) illustrated the mechanism by the

following diagrams,
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STEP 1
Metal dissolves at (A) anode.
HR
AL Positive charge ions (M'') dis-

H+
place positive charge hydrogen

ions (H?) which move to cathode

PV
3y —>=3

O
3

(C) and plate out on metal surface,

STEP 11
HA
5 Solution of metal and plating-out
Ht -t

continues until cathode surfsce is

entirely covered or polarized by

+t ¢+
hd

e
D —>

hydrogen atoms,

STEP III

1 Hydrogen atoms combine in pairs to
form hydrogen molecules. Hydrogen

gas then liberated from surface,

P
N
ES

M —>3

making cathode surface reavailable,

Or

STEP IV

Dissolved oxygen diffuses to metal

HA — #t e pn- I :
surfzce, reacts with hydrogen

H.0
o ° 0.7 to form water and makes cathode
HHH HHH !
C M A

surface reavailsble,
The rate of corrosion proceeds then only as fast as the slowest
chain in the process, which in the above case is probably the rate

of diffusion of dissolved oxygen, STEP 1V,
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It should be noted that it is also possible for the cathode
to devolarize by diffusion or solution of atomic hydrogen from the
metal surface, This connot be proven, but it may be drawn as a
conclusion(31) from the fact that there 1s always a certain re-
sidual current even in the absence of a depolarizer, although hy-
drogen is not being visibly evolved as 2 g&s.‘

The Acid Theorx(ls). According to this theory, which is acc-
(11)

redited to Calvert , corrosion occurs only in the presence of
water, oxygen, snd an acid medium. The corrosion of iron may be
represented by the following equation:

4(Fe + Hx0 + C0s) = 4FeCOz t 4Hp

4FeCOgz + 6H20 t Op = 2Fep(OH)g + 4C02
Here, carbon dioxidevand water form the acid medium, The failure
of some metals to corrode in the presence of alkali is explained by
the neutralization of the carbonic acid by the alkeli, While it is
true that this theory holds for some cases, it does not explain

corrosion in neutral or slkaline solutions,

C. Factors Influencing Corrosion

There are many factors influencing the process of corrosion
which may either accelerate or retard the process, It is perhsps
these factors thot mske the corrosion problem so difficult to deal
with for they are seldom constznt. They may vary due to season or
location or for numerous other reasons , Therefore, to understand

the problem, we should consider the effects of some of these factors:
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1, Oxygen. Oxygen is perhaps the most important, and one bf
the controlling factors in corrosion, for in many cases without the
presence of oxygen there would be no corrosion., It ususlly exists
as dissolved oxygen and may come from several sources, such as, the
atmosphere, oxidizing apgents, etc. The primary function of oxygen
in corrosion is that of a depolarizer. That is, it removes the
hydrogen which is plated out on the metal's surface by chemical
reaction, Walker(sg) is perhaps the first to note this effect,

%bKay‘ﬁg) finds that the presence of dissolved oxygen increases
the rate of all corrosion., He states(ss) "the possibility of atmos-
vheric oxygen entering into a corrosive reaction with the most tell-
ing effect should never be neglected in considering corrosion”.

(18) , OXygen can react in two ways in the

According to Evans
corrosion process:
(1) devpolerize the hydrogen formed
(2) react with corrosive product to give a more soluble
compound,

(47) of the direct chemical theory characterize

Those advocates
the reaction as a direct combination of a metal with another element,
usvally oxygen. Experiments(76) show that in the presence of oxygen,
the rate of corrosion of iron-is accelerated. The effect of dissolved
oxygen on the corrosion of a metsl in an oxidizing acid is over shad-
owed by the oxidizing effect of the acid. It has been reported(34’76)
that the corrosion of iron is approximately proportional to the dissolv-

(36) state

ed oxygen content of the solution. McKay and Worthington
that the rates of corrosion are higher with oxygzen gas than with air

as a gas,
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Iron(29'56’57) is resistant‘to non-aerated concentrated chemi-
cally pure phosphoric acid. Aerating twenty-five per cent acid in-
creases the corrosion rate. In chemically pure acid no pitting is
observed, while in crude acid heavy loose depoBit is formed.

2. Temperature. Increase in temperature has been found to
increase the rate of corrosion(zs). A rise in temperature increases
the ionization and mobility of all reacting bodies, increases the
diffusion rate and lowers the viscosity.

Heat(37’56’57) causes abnormal acceleration of corrosion of
metals in phosphoric acid solution,

Machu(44) finds that, for an agitated medium, the temperature
coefficient is abnormallj high; but the addition of an inhibitor
reduces the temperature coefficient to normal,

3., Yelocity. The velocity of agitation of a solution tends to
increase the rate of corrosion. MCKay(gg) states that this factor
tends to remove any films formed or retard film formation, Similarly,

(74,75,76) say that the effect of

Whitman, Bussell and co-workers
velocity is to
(1) thin the relatively quiet film of solution surrounding
the metal, thus attaining the diffusion of oxygen to
the cathode ares,
(2) remove protective films, and
(3) make it easier for corrosion products to diffuse away
from the metal,

(35)

As McKay and Worthington put it, agitation of solution acts

only indirectly through other factors in the corrosion process but it
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can cause variable results if velocities are not constant,
According to Priend, Hammond, =nd Trobridge(?2), the rate of
solution of a metal is a linear function of the velocity of ro-

(e2) find that the motion of coupons

tation, Thompson and McKay
incresse the rate of corrosion but also give reproducible results
over non-moving coupons,

4, Films, Films are helpful in anti-corrosion work due to
the fact that they, as a rule, decrezse the ionization of the metal,
since the metal ions cannot penetrate the film, Films are formed
by the oxidation of the metal, by the formation of other insoluble
compounds on the metal, or by the addition of inhibitors.

Films, however, may act as accelerators in corrosion by being
venetrable, thus causing a concentration of attack at some one point,
resulting in the pitting of the metal surface.

Blum and Eowdon(e) state that snode polorization may be caused
by & change in the surface comwosition of the metal through the
formation of visible or invisible films on the surface; or by changes
in the composition of the film of solution adjacent to the anode.

Brown, Roethels, and Forrest(8) find that the initial corrosion
rate of all metals which they tested decreases after a relatively
short time, indicating the formation of partially or completely pro-
tective filmsvin all cases, Burns and Haring(10) find the szme
results, They express them, however, in terms of electro-potentials,
i.e., the potentizl of the metal becomes more electro-positive (noble)
with time,

It has been reported(14) thet the film growth of oxides of metals

takes place as a parabolic function over a limited thickness range



and then changes to 2 logarithmic function. The theory is that
the positive ions move ocutward across the film while negative ions
move inward; the chenge from parabolic to log-type function is
said to be due to polarization, ‘

5., Galvsnic Action. A metal(gs), when in close contact with
another metal (dissimilar), will result in the corrosion of the more

anodic metal, usually 2t a more rapid rate than normal. This is

true for both metals and =a2lloys.

D, Passivity

The following definitions of passivity are attributed to Uhlig(64).

1. "A metal 2ctive in the EMF Series, or an alloy composed
of such metals, is considered passive when its electrochemical
behavior becomes that of an appreciably less active or
noble metal, i.e., transition metsls of the Periodic
Table "

2. "A metsl or alloy is passive if it substantially resists
corrosion in an enviromnment where thermodynamically there
is & large free energy decrease sssociated with its passsge
from the metallic state to appropriaste corrosicn products,
i.e., transition metals, special cases of lead, zine,
aluminum, metals in inhibited pickling baths and tarnish-
ed copper,"”

To passivate a metal is to meke it less active by either

'physical or chemical treatment. This may be accomplished by ex-
posure to either oxygen or an oxidizing solution, or by anodice

polarization, Thus, in general, oxidizing conditions favor passi-
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vity while reducing conditions destroy it or cause increased
activity, ,
(52)

According to Mears s who has developed a unified mechanism
of passivity based on the behavior of local elements in metal
surfaces, passivity may be achievéd either by

(1) reduction of the open ciréuit poteﬁtigl differences

between the local anodes and cathodes,

(2) 1increased anodic polarizstion,

(3) increased eathodic polarization,

(4) a combination of these factors,

Meéfs claims that this mechanism of passivity can be applied to the

mechanism of inhibition also,
E, Inhibitors

Mears and Eldridge(51) define an inhibitor as a chemieal with
the property of reducing the total amount of corrosion of a metal,
Speller and Chappel(so’SI) define it as a substance added for the
primary purpose of decreasing the rate of attack of an acid solution
upon & metal, Since most inhibitors operate in acid media, there
is some justification for the latter definition,

(61) reported the use of hydrochloric acid

Ever since Speller
containing an organic inhibitor for cleaning out badly scaled water

pipes there has been an increasing interest in the study of or-
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ganic inhibitors of corrosion, As early as 1872 Morangoni and
Stephanelli(ég) stated that essential oils were effective in re-
ducing the speed of action of acids on iron.

Aldehydes(zz) and organic compounds conteining nitrogen,
srsenic, rhosvhorus, sulfur, selenium and other complex synthetic
or natural organic substznces and by—products(m'és) have been
proposed as inhibitors or hezve been investigated.

A number of explanations heve been offered as to the mechanism
of protection of iron agsinst the corroding action of acids by
orgenic inhibitors. It is generally agreed that these inhibitors
prevent the discharge of hydrogen on the cathodic areas of iron,
thus eliminating corrosion. In this respect they behave like

catalysts as suggested by Speller(el). Speller, Rhodes and Kuhn

(3,12,20,70)

(885)

and others suggest that the inhibitors form a blanket-

ing layer or film which prevents the discharge of hydrogen.

(%) ena otners(SV)

Aceording to Rhodes and Kuhn » high mole-
cular weight is an essential for = good inhibitor, There is con-
siderable evidence that metal is unprotected ageinst corrosion by
2 more or less continuous a2nd permanent layer of inhibitor mole-
cules; this layer reduces the rate of discharge of hydrogen and
likewise changes the electrode potential and the apparent hydrogen
overveltage, adds electrical resistance to the passage of current,
and reduces the rate of solution of iron as any inert impervious
film would do.

According to Uhlig(ss), if the inhibitor functions by increas-



ing the polarization at the anode it is then regsrded as an anodic
inhibitor; on the other hand, if the inhibitor functions by in-
creasing the polarizstion at the cathode, it is regzrded as a

cathodic inhibitor.
(18)

Evans says thet inhibitors mey be classified as (1) ANODIC
INHIBITCRS, which tend to suppress the anodic reaction, i.e., hy-
droxide, phosphate or silicate which form sparingly soluble com-
pounds with the metal, and (2) CATHODIC INHIBITORS, those which
tend to suppress the cathodic resction, i.e., zinc or magnesium
salts which often precircitate a hydroxide on a normally cathodic
surface., If the anode does not polarize and the cathode does, then
in solution of low resistivity the current flow will be controlled
entirely by the cathodic electrode. This is termed cathodic control.
On the other hand, if the anode polarizes and the cathode does not,
the status is reversed znd the system is said to be under =anodic
control, These can lead to four different combinations of extreme
cases of inhibition. They &are:
(1) Anodic Control, Anodic Inhibitor., Here the inhibitor will
increase the chance of formation of an insoluble body
(f1im) in physical contact with the metal - leading to
stifling of the attack. Consecuently the damage done
by corrosion is decreased rather than augmented as
the concentration of inhibitor is increased. The additicn
of an anodic inhibitor to 2 metal whose corrosion in anodi-

cally controlled mey not always be very effective, but



~16-

it is a "safe" treatment in the sense that there is no
concentration which will mske matters worse than if no
inhibitor had been added.

Anodic Control, Cathodic Inhibitor. 1In case (2) an
addition of inhibitor willéot at first decrease the

total corrosion, but soonér or later a stage must be
reached at which the cathodic reaction becomes 8o much
impeded that the control is no longer sole}y anodic, and
the total corrosipnvwill fall off. In this case also,
the addition of an inhibitor should be a "safe" pro-
position, since there is no fear of making matters worse.
Cathodic Control, Anodic Inhibitor. Here the addition of
an inhibitor will clearly reduce the corroded area, but
since the corrosion is controlled by the cathodic reaction,
the total corrosion will not at first be reduced; on

the contrary, since a larger area is now available for the
cathodic reaction, small amounts of an anodic inhibitor
will actually increase the total corrosion, as bas:been
found by Mears(50) to be the case., Since now smsll addi-
tions of inhibitors greatly decrease the area corroded
and slightly increase the amount of corrosion, (pitting),
the intensity of corrosion will be increased. It follows
that the addition of an anodic 1nhibit§r to a cathodi-
cally controlled reaction is a "dangerous" practice,
liable to intensify corrosion if the quantity needed has

been underestimated, If larger amounts of inhibitor are
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added, the anodic areas are sufficiently reduced to
form bottle-necks, and the corrosion becomes controlled,
by the anodic reaction.

(4) Cathodic Control, Cathodic Inhibitor. Here the addition
of inhibitor will steadily lower the total attack, but -
the arez available for anodic corrosion, will be some-
what increased by interference with the cathodic re-
action. Thus, the intensity of attack will steadily
fall off. This type of inhibition is essentially "safe"
and although it is not so effectual as to prevent visible
sttack, 1t is often sufficiently complete for practical
purpose.,

Most writers attribute the effective action of inhibitors to

the adsorption of the inhibitor on the metal surface. Mann(44f45’

4€,47) Leports that when the inhibitor is ploced in the medium, 1t
forms an ionizable salt with the corroding solution. There will

then be availecble positive inhibitor ions which can replece the
metal ions, these metal ions being in a Helmholtz double layer with
the metal, The inhibitor ions will not be discharged; but will be
attracted by electrical forces to the cathodic areas of the metal
and will be held there as a covering layer by adsorption. Therefore,
if the inhibvitor layer is not attacked by the corrosive medium it
can be classed as a protective layer, thus reducing the corrosive

rate, According to Mann, any nitrogen-containing organic compound,

if at all soluble, should form an ionizable salt with the acid



-18-

medium and the positive charge will concentrate on the group con-
taining nitrogen. The inhibitor would then be attracted to the
metal through the nitrogen containing ion,

The reaction of an inhibitor might be represented as follows,

according to Mann:

J-0-

H~N - H H ,{;u H-N Ly
H _+

= __-(“)

where:
M = metal surface
~ = negative charge

+ = positive charge

warner(7o) has intimeted that the blanketing layer is formed
by the adsorption of colloids., These would have to be positively
charged and the inhibitors, being colloids, would have cong&ider-
able covering power. Warner also stated that large, positively
charged, oily ions are necessary. As far as the nitrogen-contzin-
ing orgznic inhibitors are concerned, it is true that those soluble
in acids form salts that ionize to produce positive ions which
must be large as far as cross—sectional area is concerned, but

they do not necessarily have to be oily in nature, ZEven ammonia(45)
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has some inhibiting value., In no case is there evidence that these
inhibitors are true colloids, ‘

Chappell, Roetheli, and MbCarthy(lg), as well as Forrest,
Roberts, and Roetheli(zo) think of the inhibitor action as an
adsorption phenomena, hut they further vostulate that when a metal
corrodes or ionizes the cathodic areas occur vprincipally in the
narrow spaces of grain boundaries, 2s in steel, or between metal
and slag, as in wrought iron, Thus, as hydrogen ions travel to
the cathodic areas they take inhibitor ions with them., Inhibitor
ions cannot escape as gases and are accordingly adsorbed to the
metal surface, thereby building up a protective layer,

Mears and Eldridge<51), looking at inhibitors from an electro-
chemical view point, find that in order for an inhibitor to be
effective, it must accomplish at least one of the following:

(1) 1Increase resistance of electrolytic path between local

anodes and local cathodes,

(2) Increase polarization at local anodes.

(3) 1Increase polarization at local cathodes.

(4) Decrease the open circuit potential difference between

the local anode and cathode.

Brown, in summing up the work of Evans(ls), takes a similar
view of inhibitor action.

Hackn (58139+40:21:42) £ 3 4 direct relation between film
resistance and inhibitive efficiency. However, he made no attempt
to explain whether this substance is offered by a cathodic or

(47)

anodic film or both on the same surface, but it has been proven
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that there is no regular relation between increase in electrical
resistance and inhibitive efficiency.

Hackerman(34) gives o generalized theory for the mechanism of
organic corrosion inhibitors which stztes that the adherence of the
inhibitor on the metal surface may be either physical or chemical
in nature., The adsorption of the inhibitor on the surface of the
metal takes place through polar groups snd covers the surface
more or less completely when in sufficient concentration. It
is the opinion of this investigator that to require adsorption
to tcke place primarily at the cathodic arees is too specific to
meet the general requirements of the adsorption theory. He agrees
that the positive ions of the inhibitor will have a greater tendency
to go to cathodic areas, but contends that some ions will be attracted
also to the anodic areas. Hackerman believes that the type of
coverage, is important in determining the effectiveness of
inhibition, In the case of thysiczlly adsorbed substances, the
inhibiting effects are due primerily to the decreased ability of
the corrosive molecules to reach the metal surface, This may
appear as increase in either the film resistance or the hydrogen
over-voltage, or may be considered simply in terms of a diffusion
controlled reaction rate, The chemisorbed molecule, on the
other hand, not only duplicates the effect of impeding the
corrosive material, but also decreases the tendency of the metal
atom, to which it is attached, to leave the metal surface, Another

advantage in this case is that the chemisorbed molecule is not

as easily removed or redissolved. Hackerman's reasons for pos-
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tulating two types of bonding forces is based on the fact that
one of the characteristics of physical adsorption processes is
that it takes place instantzneously provided the adsorbate has
free access to the solid surface, but a time lag has been noted

by several authors(27’55)

. Also, it has been noted by some, that
an increase in temperature has a tendency to increase the effect
of the inhibitor in some cases, while it is known that physio-
sorbed bonds tend to decrease in effectiveness with temperature.
Hackermen's reasoning is also based on the difference in the ease
of removal of the adsorbed imhibitor,

In genergl(sa), for steel, the s=me inhibitors are said to
be effective, although not to the same degree, for sulfurie,
for hydrochlorie, or for phosvhoric acid.

The continuance of solution of iron scale in an inhibited

(54) as being due to the fact

pickling bath is explained by Manger
that the high voltage of the electrolytic cell is great enough to
break through the protective layer of inhibitor, It may also be
oxplained on the basis that the adsorption of the inhibitor by
a negatively charged scale is not sufficiently strong to build up
to the interfzcial resistance necessary to prevent this electro-
chemical reaction,

Mcay and Worthington!®®) state that although phosphoric scid

is less active than either sulfuric or hydrochloric acids, its rate

of corrosion ranks with them for most metals,

(30) (26,44,45,46,47) give

Lawrence and Walton , 25 well as Mann
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data that indicate the order of increasing effectiveness of an
inhibitor for a particular nitrogen concentratioﬁ as being tertisryd
secondary > primry, For primery emines, the order is: n-amyl>
n-butyl > ethyl > ammonia,

The fact thet it is necessary to have only a monomolecular

layer of ions for protection explains the fact that such.-a small
(26,44 ,45,46,47)

amount of inhibitor may be effective. The size
of the ion and especially the configuration determine the number

of ions per unit area necessary to attain effective coating, Smaller
emounts of high molecular weight inhibitors will produce the most
effective results, but this depends on the packing of their ions

on the surfsce of the metal, which in turn depends on the con-
figuration of the ion, ‘

Speller and Chappe11¢69:61) ona otners(®2) find that at hieh
temperatures, the nitrogen-bssed inhibitors tend to bresk-down.

They also conclude that inhibitors have a sirong electrochemical
effect in raising the hydrogen over-voltage.

The stereo-chemical arrangement of these orgsnic chains deter-
mines how qlosely the ions can be packed parallel to the surface,
which in turn determines the penetrability of the film by hydrogen
ions. An increase in the number of aliphatic chains and greater
length of these chains increase the velocity of the amines and their
greater ionization enhances the adherence of the positive ions to
the cathodic area. Any factor that tends to cause the inhibitor
ions to bend or to be inclined will aid the inhibiting power of the

compound,
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Friend and Vellance?1) and others"*?2? £ind that emul-
soids and colloids act as good inhibitors and attribute this fact
to their adsorptive power,

Mﬁnn(45’46) hes checked several effective aliphates and
aromatic amines for steel in sulfuric acid. These are shown in
Table I, page 24, He also states(47> that organic inhibitors

have never been found to act as stimulators.
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TABLE I
EFFECT OF SOME NITROGEN CONTAINING

COMPOUNDS ON THE CORROSION RATE OF STEEL

Conditions for test: Steel coupons, IN-sulfuric Acid, 25° C,,
46 hour exposure (apparently unaerated or agiteted).Measured
rate of corrosion by loss of weight in grams per hour per
square centimeter,

Name of Compound Concentration Efficiency
% ¥,
Propylaniline 0.10 90
0,25 92
Dibutyleniline 0.10 96
0.25 98
2,3-xylidine 0.10 91
0.25 92
Dime thylamine 0.10 85
0.25 91
Triethylamine 0,10 78
0.25 97
Tri-n-propylamine 0.10 92
0.25 97
Tri-n-butylamine 0.10 ' o8
0.25 98
Tri-n-smylamine 0.05 98
0.10 98
0425 98

Per cent efficiency determined as follows:

- R
%eff.-':.f:’i__l_ X 100

where By = rate blank Ry = rate inhibitor

Menn, D, A., lauer, B. E., and Hultin, C, T,
Organic Inhibitors of Corrosion - Aliphstic
Amines, Ind, Eng. Chem, 28, 159, (1936).
Menn, C, A,, Iauer, B, E., =nd Hultin, C, T,
Organic Inhibitors of Corrosion - Aromatic
Amines, Ind, Eng, Chem, 28, 1049, (1936),
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Hosting and Heine(zg) made tests on corrosion of metzals
by using chemically pure and erude phosphoric acid. Accelerated
corrosion tests on fifty-two metals and alloys were carried out
under various conditions, using 10, 25, 50, and 85 per cent chemi-
cally pure acids and dilute and concentrated crude acids. The
effects of tempersture, aeration, and purity of solution were
investigated. It was found thet tempersture rise increases the
rate of corrosion, One non-ferrous alloy showed a maximum rate
between 75 and 85° C, 1In concentrated acid, the corrosion rates
of stzinless steels suddenly increzsed mnear the boiling point.
They found thet the purity of the phosphoric acid affects the
resistaence of the metals, and that the reaction that takes place
when phosphatizing, i.e., the process of making iron rustproof
by dipping it into a dilute solution of phosphoric acid containing
many different phosphates, ceases in a short time owing to the
phosphzte film deposited on the iron.

The effect of some inhibitors on the corrosion of iron in

phosphoric acid is summarized in Table II, page 26,
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EFFECT OF INHIBITORS ON THE CORROSICN

OF ARMCO IRON IN PHOSPHORIC ACID

Conditions for test: Armco iron, 50 % phosphoric acid, 80° C,,
one hour exposure (apparently unaerated or agitated))
100 c,c. volume of solution,

Inhibitor Concentration Surface Loss in weight

% (grams)
None ‘ - Pitting, film 0,13
Pentavalent arsenic 0.49 Bright 0.00
Hydrochloric acid 0.75 Film 0.04
Pine 0il 1 c.c. Film 0.05
Mucilage 1c.c. Film 0.06 (frothing)
Pyridine - 0,75 v Film 0,10

Kosting, P. R. and Heins, Jr,, C., Corrosion of Metzals by Phosphoric
acid, Ind, Eng, Chem, 23, 140, (1931),
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F. Chelaotion

Chelation is the ability of an organic compound to form
(73)

chelate ring bonding . An organic or chelating compound may

be considered as a "complex" type of substance in which an ion

is bonded simultaneously to two or more positions in a molecule,
forming one or more chelate rings, The only difference, therefore,
between a chelate compound and a complex compound lies in the

formation of such ring structures(49)‘ Chelate compounds are

usually much more stable than complex compounds, and a metal or
hydrogen ion is bound into a chelate ring much more firmly than
would be the case with ordinary complexes; Figures I and II,
page 29, represent schematically this fundimental distinction
between metal chelates and metal complexes.

A metal ion is bound covalently to groups represented by A.
In Figure I the groups are independent, while in Figure II,the
groups are internally bonded so as to form chélate rings with
the metals,

Typical inner complexes of mono carboxylic amino acids are
shown in Figures III, IV, and V,
()

It can be shown that two of the polycarboxylic alpha
amino acids, namely ethyleﬁe diamine tetra acetic acid and
triglycine also form chelates with metals. The chief advantages
of these sequestering agents over the simple amino acids lie in

their greater tendency for complex formation. This is probably

due to the larger number of negative carboxyl groups in the
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molecule which results in the formation of much stronger bonds
with metallic ions., Figures VI and VII represent the typical ~
structure of the metal complexes with the calctim ;omplexes of
triglycine and of ethylene diamine tetra acetic acid as examples,
Thus ethylene diamine tetra acetic acid and similar substances
readily form stable chelates with calcium, magnesium, barium, and
strontium as well as with ions of the heavy metals, and by so
doing, effectively remove these metals from solution, Such
materials have come to be known as "sequestering agents" because
of this ability to remove or "sequester" metal ions, Another
impotbant feature of these reagents is the fact that the chelate
compounds formed in solution remain in the dissolved state, and do
not cause turbidity or result in the formation of precipitates,

According to Whaley(73)

, 2-nitro-l-~butanol is a very effic-
ient inhibitor(94 per cent) on the corrosion of copper in a five
per pent phosphoric acid solution, at 25°C.; and he explains this
inhibition ability as being due to the formation of a chelate ring

bonding of the compound with the metal surface,
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IIT. EXPERIMENTAL

Purpose of Study

It was the purpose of this investigation to determine the
effects of several nitrogen-containing organic compounds on the

corrosion of steel in phosphoric acid solution.

Plan of Investigation

The rate of corrosion was determined by measuring the weight
loss due to submerged corrosion, In general, the plan of attack
was that outlined in the Standard of the American Society for
Testing Materials(l),_ Steel coupons, which were cut from a cold
rolled steel sheet, were cleaned, dried, weighed, and submerged in
a five per cent, agitated, aerated, fresh solution of thosphorie
acid, to which an inhibitor may or may not have been sdded. The
apparatus used in this investigation is shown in Figure 1, page 33.
The temperature was kept constant at 25°C., and the coupons were
kept submerged for a period of 24 hours after which they were removed,
clesned, dried, and weighed. Having previously measured the area
of each coupon, the corrosion rate was determined in milligrams
per scuare decimeter per day.

The inhibitors were generslly tested in concentrations of
0,10 and 0,01 per cent nitrogen,71f the compound contzined nitrogen.
If it did not contain nitrogen it was tested in various concentrations

by weight, The organic compounds tested were:
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2-nitro-l-butanol
Acetyl acetone
Beta-alanine
Cyanoacetic acid
Dien-amyl-amine
Diphenyl amine
Ethylene diamine
Glycine

Nitrophenol
O-phenylenedizmine
P-nitrobenzoic acid
Pyridine

Rodine 50
Triethanol amine
Trimethylol nitromethane
Triethylenetetramine
Tri-n-amyl-smine
Tri-n-butyl-amine

The inorganic compounds tested were:

Sodium arsenate
Sodium chromate
Sodium nitrate
Hydrochloric acid
Ferric sulfate



Materials

Alcohol: 95% grain alcohol, Used as degrezsing agent. CObtained
from U, S. Industrial Chemicals, Curtis Bay Plant, Baltimore, Md,

Steel: Used as test specimens, Menufactured by Reeves Manu-
facturing Company, Dover, Chio, as "Snaplok" stove pipe. TFor
composition see under Data and Results,

Pumice: Fine mesh, Used as cleaner, Obtained from J, T. Baker
Chemical Company, Phillipsburg, N, J.

Phosphoric Acid: 85%, ACS Standard, Obtained from J. T,

Baker Chemical Company, Phillipsburg, N. J.

Ether: Purified, for menufacturing use only. Used as drying
agent, Obtained from J. T, Baker Chemical Company, Phillipsburg, N, J.

Hydrochloric Acids Used as a cleaning agent and inhibitor.
Obtained from J, T, Baker Chemical Company, Phillipsburg, N, J.

Inhibitors: Used as sddition agent.

Rodine 50: Obtained from American »Pa,int Company, Ambler, Pa,

Di-n-smyl emine, tri-n-smyl-amine, tri-n-butyl-amine: obtained
from Sharples Chemicals Inec,, New York, ¥. Y,

2-nitro-l-butancl: Obtained from Commercial Solvents Company,
New York, ¥, Y,

Remaining orgasnic compounds were obtained from Fisher Scientific
Company, New York, N. Y,

The four inorgenic compounds tested were obtained from the

General Chemical Company, New York, N. Y.



Apparatus

Analytical Balance: Christan Becker Inc., New York, Obtained
from Fisher Scientific Co., Pittsburgh, Pa=.
‘Bottles: Three, 5 gallon., Used for containing phosphoric
acid, distilled water, and moisbturizingrair.
Constant Temperature Bath Assembly, see Figure I, page 33, Composed
of:
1, Box: Tin, 33' x 1' x 1', insulated and enclosed,
2. Gear Train: Used for multiple stirring at 63 rpm,
3. Heater: Twa,. light bulbs, 100 watt each,
4, DMotor: Powr-Kraft capacitor electric motor, thermotron
protected, 3HP, 60 cycle, 5.0 amps, 115 volts, 1725 rpm,
Serial H-47, 40° C, rise, Mfg. No. 74DP4551-3A, obtained
from Montgomery Ward, Baltimore, Md, Used for running
gear train,
5. Motor: ZElectric, 60 cyclg, 110 volts. Obtained from
Figher Scientific Company, Pittsburgh, Pa. Used for
stirring constant temperature bath,
6. Thermometer: Mercury, marked in tenths of degrees
Centigrade, Source unknown,
7. Pulley and Belt: Used for connecting motor and gear
train,
8., Relay Unit: Bulletin 700 A, C. Contactor 1 pole
Normally open 110 volts, 25 amps, 60 cycle, No. C25374,
Obtained from Allen-Bradley Company, Milwaukee, Wis,

Used in conjunction with bimetallic thermostat,



9. Thermogtat: Cenco-Dekhotinsky Bimetallic Thermo-
regulator.

Gas Meter: No, 3123. Obtoined from American Meter Company,

New York, N. Y.
Jars: Five Mason type, wide-mouth, l-quart. Used as containers
for corrosive media,

Assorted Glagsware and Iaboratory Eouipment: Miscellaneous

laborztory glassware and eqguipment,
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Method of Procedure

The method of procedure followed was, in general, that outlined

in the Standard of the American Society for Testing Materials(l).

1, Preparation of Coupons. The coupons were all cut from the

seme cold rolled steel sheet, They were cut to aporoximately

0.1250 sq. dm. by means of tin-smith shears, TFigure 2, page 39,

gives the aversge dimensions and shape of the coupomd. One 5/16 inch
hole was then drilled into each couwpon, this being accomplished

by bolting a number of coupons between two steel blocks, one block
alrezdy having a 5/16 inch hole. This was necessary in orer to prevent
the formation of a burr:-on the coupons while drilling, After the holes
were drilled, identifying numbers were lightly stamped onto the pieces.
The steel sheet was covered with a blue covering; which was removed

by first dipping each coupon into a hot solution of 10 Formel sodium
hydroxide éolution, containing about 20% "Tide"; this was found to

be necessary in order to completely degrease the metal surface,

Then while the coupon was still wet with caustic solution, it was

put into & hot solution of 12 Normal hydrochloric acid containing

2% Rodine-50, by volume, The coupon was left there for approximately

8 seconds, depending upon the strength of the solution, Immediately
upon removal, the coupon was rinsed under tap water, and rubbed with
pumice to remove any covering that remained. Then the sample was re-
rinsed under tap water, partially dried with a towel, rinsed in

95% alcohol, and finally rinsed in ether and allowed to dry in the air,

Only then was the metsl surface clean and shiny. The sample was
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then weighed on an analytical balance.

2, Cleaning Semples after Testing, After the coupons were

removed from the corrosive media, they were rinsed under tep water,
and the black film that was deposited during testing was removed
by rubbing with pumice; then re-rinsed under tap water to remove
the excess pumice, partially dried with a towel, rinsed in 95%
alcohol, rinsed in purified ether, snd let dry in the air. Then
the coupons were placed in a dessicator to dry cdmpletely and await

welghing, The accuracy of this method was within experimental error.

3. Composition of Steel, The specificztions on the steel used
(79)
1]

as samples was obtained from the Reeves Manufacturing Company

and is given under the section on Data and Results.

4, Determination of Area of Coupon. The exact area of the

individual test courons was determined with a metric rule, after
the measurements of the thickness was made using a micrometer,
The area of the metal removed by drilling the suspension hole

was calculated using the diameter of the drill.,

5, Aeration of Corrosion Media. The corrosion medis was

aerated by introducing a flow of moisturized air into the container,
The air was premoisturized in order to prevent evaporation of the

corrosion media, This was accomplished by bubbling the air first



into a large jar containing water and then allowing it to pass

over into the bottles containing phosphoric acid through capillary
tubes. The air was introduced into the hottles, & few bubbles per
minute, estimated by means of a gas meter to be about 0.1 cubic

feet per hour per bottle, and not allowing it to come into direct
contact with the samples. The air valve was kept open without change
throughout the entire run. However, the flow of air did vary because
the compresser kept the pressure between 20 and 80 pounds per square

inch, and due to use, the average pressure was lower during the day.

6. Preperation of Corrosive Media. The corrosive media used
was a 5% phosphoric acid solution. The preparation of the solution
was a batch process and consisting of adding distilled water to
669 ml of 85% phosphoric acid and diluting to a volume of 18.9

liters.

7. Determination of Amount of Inhibitor Reguired. In order

to determine the correct amount of inhibitor recuired for the
desired percentage of nitrogen, the following ecuationswere used.
The calculations were made on the "as received" basis since the
liguids were free flowing,
(1) Vol. of acid used x specific gravity of acid™=
weight of acid used
(2) Weight of acid used x desired per cent nitrogen/100

= weight nitrogen reqguired for thatvper cent nitrogen
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(3) Weight nitrogen recuired x 100 =  weight
Per cent nitrogen in compound

inhibitor compound recuired for desired
per cent nitrogen.

If the compound was a liquid,

Weight inhibitor compgund required ot
Specific gravity of inhibitor compound

volume of inhibitor compound recuired for

desired per cent nitrogen.

8. General Procedure, After the coupons were cleaned and

weighed they were immersed in bottles containing 750 ml of fresh
5% phosvhoric acid, The usual run was four inhibited bottles

and one bottle containing only acid, i.e., 2 blank, The length of
the run was twenty four hours. This period was of sufficient dura-
tion to obtain =z satisfactory corrosion r&te(l).

The immersed coupons were suspended in the soluiion by means
of glass hooks, one coupon per bottle. The ssmples were held in
the approximate center of the bottles, each being spproximately
two inches beneath the surface of the lisuid, The glass hooks,
attached to a constant speed gear train, revolved at 63 rpm,

The air was introduced as described previously. The tempera-
ture was held at 25%0.5° ¢, by means of & bimetallic thermostat

placed in one end of the water bath. The hest was obtained from
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two 100 watt light bulbs, one placed at each end of the bath,
The weter in the constant temperature bath was circulated by
means of a stirring motor.

When the twenty four hour period had elapsed, the samples
were removed from the corrosive media, and rinsed under tap water
to remove acid, and then cleaned as described before.

The weight loss signified the amount of corrosion taking
place and expressed as a rate, i.e., as milligrams per square

decimeter per dsy (mdd), and was determined from the following

equation:
weight loss in mg per day  _
Corrocion Rate = area in sg dm T Mad

In order to determine the per cent effectiveness of the

inhibitor, the following eyuation was empolyed:

Per cent inhibition = RB - RI x 100
R
B

By = rate corrosion in blank

)
—
1

rate corrosion with inhibitor.



Sample Calculations

1., To make a 5% phosphoric acid solution from 85% syrupy
phosphoric acid:

Specific gravity, 85% acid: 1,705

1,705 x 0.85=1,449 g. HzP0O4/ml

Specific gravity, 5% acid: 1.027

».1.027 x 0.05=0,0514 g. HzPO,/ml

To meke 5 gallons (18,9 liters) 5% acid solution:

0.0514 x 18,900 =970.5 g. HzPOy recuired for 18.9

liters of 5% acid solution,

970,5 =  669,7 ml of 85% acid per 18,900 ml of solution,
1.449 g.?ml

2. To determine amount of inhibitor compound recuired in
terms of nitrogen content; example, ethylene diamine,NHoCHoCHoNHS
(28 received):

Amount of 5% HzPO4 used per container: 750 ml

Specific gravity, 5% acid: 1,027

2750 x 1,027 = 770 g., weight of 750 ml 5% acid

770 x 0,001 = 0,77 g. nitrogen required for 0,10% N

Molecular weight of compound: 60,10

Per cent nitrogen in compound: 28 x 100 = 46.62LN
60,10

*

o To determine amount of nitrogen necessary to obtain O,10%N:

ggzg x 100 = 1,65 g, compound necessary to obtain 0.10% N.



A5

3. To determine amount of corrosion and inhibitor efficiency
of a 0,10% nitrogen addition of ethylene diamine; example,
run number 27,
Coupon No., 67 (Blank), i.e., no inhibitor =dded,
(a) Weight loss due to exposure:
wt before exposure (g.) - wt after exposure (g.) =
wt lqss‘(g,)
i.e., 2.7047 —_2.4981 = 0.2066 g, = 206,56 mg loss
(b) Corrosion rate, expressed as mg/sq dm/day:

Ares Coupon No., 67 = 0,2280 sq dm
wt loss (mg) = Mad

area (sg dm)

i.e., 206,6
0.2280 = 906 Mdd

Coupon No, 64 (inhibited)
(a) Weight loss due to exposurs:
wt before exposure (g.) - wt after exp§sure (g.) =
wt loss (g.)
i,e., 2.7858 - 2.5790 = 0.2068 g. = 206.8 mg loss
(b) Corrosion rate, expressed as mg/sq dm/day:
Ares Coupon No, 64 = 0.2400 sq dm

wt loss (me=) . Mad

area (so dm)

i.e., 206.8 = ggo Mad
0.2400 t



(c)

(a)

(e)
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Deviation from average corrosion rate of inhib-
ited coupons (average Mdd for inhibited coupons
for Run No., 27 = 874):

Mdd for individual inhibited coupon - average
Mdd for inhibited coupons = deviation from
average

i,e., 862 - 874 = -12

Per cent deviation from average corrosion rate

of inhibited coupons:

dev. from ave, cor. rate of inhibited coupons . 100 = % dev

ave, cor, rate of inhivited coupons

iee., 12 x 100 = 1.4% deviation
874

Per cent inhibition efficiency:
Cor. rate (Mdd) of blank - =ve. cor, rate (Mdd)
for inhibited coupons x 100/ corrosion rate (Mdd)

for blenk = per cent efficiency

i.e., §Q§§68§2é x 100 = 1.4% efficiency
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Data and Results

Composition of Steel. The steel used in this investigation

was cut from a section of Snaplok stovepipe produced by the Reeves

Manufecturing Company, Dover, Ohio. This company purchased the

steel under the following specifications: (78)
Carbon: 0.08%
Manganese: 0.30 - 0.45%
Phosphorus: 0.06 - 0.09%
Sulfur: 0.05% Maximum

Tables III, IV, and V. Tables III, IV, and V show data

end results for the amino compounds, nitro compounds, and Rodine 50
and inorgenic comoounds, respectively, in the inhibition of steel
corrosion by phosphoric acid. The tables show the run number, the
particular inhibitor tested, the concentration of nitrogen used,

the weizght loss, and the corrosion rate. The column showing de-
viation from average rate is based on the average inhibited corrocsion
rate., The per cent deviation is determined by dividing the deviation
from the average inhibited corrosion rate by the average inhibited
corrosion rate and multiplying by one hundred., The accepted control
limit for this investigrtion was plus or minus 10 per cent deviation
from the average., The per cent efficiency was determined by re-
averaging only those coupons with inhibitors thet were under control
and comparing this new average, recorded as average inhibition corrosion

rate, with the blank for that particul=sr run. Those coupons that were
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out of control were disregarded and are shown in the tables
as being lined out., A lack of complete datza in the tables
indicate that the sample disintegrated in the corrosive

media, and no quantitative result could be obtained.

Table VI. Table VI gives the data and results for
acetyl acetone in varying concentrations. This was the
only orgsnic compound tested that did not contain nitro-
gen., Bue to the fact that only & small quantity of this

compound was available, only one run was made.

X

Table VII. Table VII gives a summary of the results
for the organic compounds investigated, including acetyl
acetone., The numbers with a minus sign indicate a negative

efficiency or acceleraztion by the inhibitor.

Table VIII, Table VIII gives a summary of the results
for the inorganic compounds and Rodine 50, The numbers

with a minus sign indicate ascceleration by the inhibitor,

Table IX. Table IX gives the tabulation of the measure-
ments of all the coupons used in this investigation, The
area of the edge was neglected. Since this area was
fairly constant throughout, it introduces a constant
error in all of the determinations. However, this
factor will have no appreciable bearimg on the results,

which are only relative,



Table III

Corrosion Inhibitor Effi¢iency- Data and Results for Amdno Compounds

Aerated and Agitated 5% Phosphoric Acid- Steel Coupon~ Time 2l Hours- 25°G.,

Run Conc N JAcid] Metal| Wt Wt Wt Corro %Zﬁ Eff
Noo Inhibitor Sol | Sapple Before | After |Loss gien |Dev Cor
o P R SRETI e i e
Erams grams grgms<ﬁ§d wal Z
27 | Ethylene Diamine 1.65 0.,10] 6 |63 207320 | 2.5118 | 220,68 938 |46l
1 4e 0.10] 6 | &4 2,7858 | 2.5790 | 206,8! 862 [~12
1,45 2,101 6 |65 2.7837 | 2,5720 1211.7/ 885 1411
1.45 0.10] 6 | 66 2.7721 | 2.¥780 |194.1 813 [-61 874 [+3,69
8.0 0.0 | 6 |67 2,007 | 2.1i981 1 206.4 306
28 | Ethylene Diamine 0.165 [C.01| 6 |68 2.7191 | 2.5100 {209.1 902 |+67
0,165 o011 6 |70 2.697L | 2,5079 1189.5 806 |-29
0.145 10011 6 171 2,5198 | 2,1223 1197,0 875 HLQ
0,165 |u.ul} 6 |72 2.7619 | 2.5839 |178,0 758 |~77 835 |+0.8
0.0 2.0 16 173 2.7418 | 2,5538 [198,0 8132
g1 Triethylenetetramine 9,820 [0.49) 11 |11, 2.4582 | 2.2356 | 222,84 928 |-12
9.820 |0.49] 11 |11k 2.5230 | 2.30LL [ 218.6 939 [—1
9.820 {0.h9| 11 | 117 2.5128 | 2.3107 {202.1 879 |~61
9.820 0.491 11 118 2.4128 | 2.3702 |242.6 1013|473 940 1—3.3
0.0 0.0 | 11 116 2.5885 | 2.3692 |219.3] 910
Triethylenetetramine [“h.910 - 0,24 11 1110 2.5122 1 2.2707} 2h1s 5 1088 853416 «3-
L.910 0.2k} 31 J111 | 2.5893 | 2.3478 |221.51932 [-6
L4.,910 O.2Lt 11 R13 2.6327 2.4123 |220.4 93y |1
L.910 Jo.2l) 11 /118 20226l | 2,0049 |1221.5 9l | +6 938 [=1.2
0.0 0.0 | 11 [112 2.3932 | 2.1876 |205,.6] 927
53 | Triethylenetetramine 2,61 0p10] 12 | 110 20,2707 | 2.082L 1188.31 848 [+6
~2 MOS0 12 TITT 23678 20122008937 1495
2,01 0,10] 12 }112 2,1876 | 2,0060 |131.6| 820 (22
2,01 0,10f 12 {113 2,1123 | 2.2325 |179.8] 765 |<77 842 | =15
0.0 0.0 | 121120 2,0049 | 1,8153 1189.6 806
33 | Triethylenetetramine 2,01 0.101 7174 1,5169 | 1.3653 [151.64 637 |~51
2,01 0,10} 7175 2,58L8 | 2.40L0 |180,8! 756 [+68
-S0) S 1079 1} [N 08 8 0 NS A T T 3t6ir{ Tt 6 —~th
2,01 0.10] 7178 1.6203 | 1.L40O0 |180,3| 7h6 {458 688 410.3
0.0 0.0 7176 1.4893 | 1.3124 | 176.9] 767
13k | Triethylenetetramine 0,201 |0.01] 81380 2,6531 | 2.14896 [163.5 691 [~33
0.201 [0.,01f 881 2.7736 | 2,6013 |172.3/ 730 |+5
0.201 |0.01] 38182 2.(16l | 2.5U455 |170.9 71l |~10
0,20), [0,01] 3|84 2,051l | 2,1687 |172,8] 762 438 72l — 6.8
0.0 0.0 § |83 240423 | 2,5817 |160.6| 678
Triethanolamine 8.22 0.10] 885 2.7324 | 2.5175 |[214.9] 920 |~12
$.22 Q.10 8 |87 225662 | 2,14333 1232.91010 478
8.22 0.10] 838 2.4335 | 2.h25h |208.1 917 |15
8.22 0.10| 8|65 2,14038 | 2.1937 |210.1] 380 |~52 932 25,6
0,0 0.0 8 | 86 2.6626 2.14926 [170.0] 7Lh2
6 | Triethanolamine 0.822 {0,01]| 8 |68 2.3346 | 2,053y [280.7| 1210 [4+50 3
0.822 |0.01] 870 2,3287 | 2.0611 |267.6] 1140 |20
0,822 10,01] 871 2.21456 9798 | 26545 1160 [+20
0822 0,01] 8 |72 2,1322 | 2.1737 |258.5| 111050 1160 ~27.0
0.0 0.0 8 {73 2,3L27 | 2.1475 |21542] 913
7 Triethanol amine 0,822 0.1] 3117 2.9325 | 2,6900 |242.5] 967 37
0.822 |0.10}] 3 |18 2.9278 | 2.6843 [213.5] 977 HL7
0,822 0,10 3120 2,9281 | 2,7157 1212,k 817 =83 930 {—18.3
0.0 0,0 315 2.9816 | 2.,7850 [196.6f 786
37 | Beta-Alanine L.90 [0.10| 8|74 1.3653 | 1.1820 {183.3] 770~22
4.90 |0.10] B |75 2.L040 | 2.2058 |198.2] 835 1443
14,90 0,10 8 177 11.3764 | 1.1985 |177.9] 754 |~-38
1,90 0,10} 8 178 1000 | 1,207 11v5.3] 808 H16 792 1 4+11.7
0.0 0.0 8 |76 1.3124 | 1.1057 |206.7| 897
38 | Beta-Algnine 0,490 Jo,01| 8 |81 2.6013 | 2.44216 [17%.71 760 ]=29
0190 l0,01] 8182 2. cice | 2.8855 |182.0] 761 |~28
0,490 10,011 8183 2,5817 | 2,3869 119L,8] 82l H39
0.490 (0.01] 8 |84 2.4687 | 2.2847 |184.0] Bl2 {23 789 [—2.1
0.0 0.0 8 |80 2.4896 | 2.306L 1183.2] 773 )
11| Tri-n-butyl-zmine 4,02 0,10} 3 2.L751 | 2.2421 |233.0] 930 436
4.02 0.10} 31 2 2.2008 | 2,0006 |200.2] 883 |—-11
.oz 0.10} 31| .3 2.3916 | 2.1768 |21L.8] 895|+1
11,02 0.10| 3 |10 2.3800 | 2.1710 |209.0 870|-2L 89k | —20,1
0.0 0.0 | 310 2.1;59 | 2.2651 |180.8] 7l
15 | Tri-n-butyl-amine 0.502  |0.01| 3|12 1.9655 | 1.7496 [215.9| 852 |-15
0.402 |0.01} 3 |15 2.5992 | 2.3851 [211.1] 84S [~22
0.402 [0.01) 3 |19 2.3024 | 2.571h [231.00 903|436 867 [+13.
~Ovhd2 4003 43425 -} 2,8983 | 2.6030 |295.3]{ 1235{368
0.0 0.0 | 3111 1.8030 | 1.5698 [233,2/ 1000
16| Aminoacetic Acid 4.125 |00} L |36 2.840L | 2.6189 {221.5] 91 |-18
L.125 |0.10| L |37 2,177 | 2.549h |225.3] 950 H18 932 | -7.5
0.4125 |0.01| L |38 2.69L0 | 2.4835 {210.5] L3 {422
0.u128 lo.opl g [ho 2.7613 | 2.5608 {200.5 846 |-28 87hL {-0.8
0.0 0.0 | i |h1 2.7561 | 2.5615 |204.6 867
19 Di-n—amyl-amine 8.6l 0.10] L |52 2.7139 | 2.4537 |260.2/'1120| —1
8.6 [0.10] i |53 - | 2.7503 1 2.51hx |235.9p 9584122
8.6l 0.10] 4 }55 2.6841 | 2.4157 |260.u) 110 o
8.64 0.10} L %6 2.6461 | 2.3949 ]251.2| 1080 |-i1 1121f-26.0
0.u 0.0 L 15 2.796k | 2.5842 [212.2] 890
20 Di-n-amyl-amine 0.864 0.0 S5 |36 2.6189 | 2.2685 [350.4] 1450 [499
0.86, [0.01] 5 |37 2.549L | 2.2527 |297.7]1258 |-93
0.864 (v.01] 538 2.4835 | 2.1637 |319.8]1372|+21
0.86 l0.01| 5 |41 2.551%5 | 2.23y2 |312.3]1323|-28 1353 —29.9
0.0 2.0 5 1ud 2.4608 | 2.21L% |246.311040
21 Tri-n-amyl-amine 12.47 {0.10] 5 Lk 2.5687 2.2772 |291.5} 1220 |+53
j 12.47 1030 5 {u 2.L771 | 2.2068 | 270.3} 1100 |-67
12.47 |9.10| 5|50 2.5980 | 233086 |2u2.uf 1197 (430
12.47 [0.10] 5 |51 2.55482 | 2.2833 |274.9[ 1150 |-17 1167 —38.4
0.0 0.0 | 5 (L8 2.5158 | 2.3190 |196.3[ 36
22 Tri-n-amyl-anine 1.247 {0.01} 5 |g2 2.1:537 | 2.1765 [276.8] 1190 [451
1.247 [0.01] 5|53 2.514l | 2.2065 | 251.9] 1088 =21
1.247  [0.01] 5|55 2.0157 | 2.1728 | 2L2.9 105059
T A 2 s 3eire- o886 1306313101351 1104 —22.4
0.0 0.0 5 |54 2.5842 | 2.3673 [216.9 909
15 O-Phenylénediamine ~2.93 - 10:301 -t 31 2.77f-1-2.6809 | 938 -3964+73
B3 OO Ay 32~ | 2.761F- {2,703k | ~58 i} -2hh{—73 33
0.298 ]0.01| L4 |33 2.7273 | 2.5290 [198.4 3853|+7
0.298 0.01{ L |34 2,766 | 2.t639 [ 220.1 SLO|—6 8L5 1+27.5
0.0 0.0 L |35 2.8025 | 2.5211 | 281.14 1168
2% | O-Phenvlenediamine 2.98 0,10f 6| L7 2.2668 | 2.0506 | 156.4 638|385
’ 2.98 |o0.10] 6{L8 2.3150 | 2.1655 | 153.9 660[-16
2.98 n.10] 611 2.2833 | 2.1086 | 174.q  T730l5u 676 |419.0
060 0.0 6 | L 2.2772 | 2.0751 | 202.1 8LS 1@3;
0.0 0.0 6|52 2.1769 | 1.9843 | 192.4 826
26| O-Phenylenediamine 2.98 0.10| 6|57 2.7526 | 2.5370 | 195:4 815|458
2,98 0.,10| 6|60 2.6740 | 2.5084 | 185.4 T00|-S7 757 =L .8
0.298 |0.,01] 6|58 2.7322 | 2,5467 | 186.4 773|551
04298 |0.01} 6|62 2.7143 | 2.5057 | 208.4 875|461 825 |-11.1
0.0 0.0 6161 2.7209 | 2.5507 | 170.4 722
5| Diphenylemine 0.225 |0.00% 12 {114 2,2356 | 2.0u83 | 187.4 780|-38
0,226 |.002] 121115 | 2.3uhl | 2.1061 |198.3 857|438
0.225 [.002] 12 {116 2.3692 | 2.1762 | 193.9 800{-18
0,225 10021 121117 | 2.3107 | 2.1190 [ 191.4 0834|417 818{ - 5.0
2.0 0,0 1 1211318 2,3702 | 2.1836] 136.4 719
55 Diphenylamine 0.100 - | 1287 2.0u27 | 1.8559 | 186.9 811+ 6
U001 = 1121121 | 22861 2.0815 |26k -8901+85
0.100 | - | 12)122 | 2.5709 | 2.3902| 130.7 750|-55
0,100 | - 12 | 123 2.2506 | 2.0753| 175.3 77134 805+ 2.0
0.0 - 12| 124 2.2377 | 2.0h86| 189.1 330




Table IV
Corrosion Inhibitor Efficiency- Data and Results FOR Nitro-Derivatives

Aerated and Agitated 5% Phosphoric Acid- Steel Coupon~ Time 24 Hours- 2590,,

Conc N |Ac |Metal Wt Wt Wt Corr| Dev | Dev %ZE
Inhibitor id |Sample| Before| After | Loss | RATE| Aver Rat|Coryg Eff
grams Sol No. milli Rate e|Rate
750 ml % 'No. grams gramg | grmms| Mdd % |Mad| %
P-nitrobenzoic Acid 9.20 0.10 | 5 | 19 2.571Y4 1.6562 | 915.2[ 3575 — | — [3574~293
9.20 0.01 15 2.3381 1.7215 | 666.6] 2665|-55 2.0
06920 0.01 25 2.6030 1.9640 | 439.0] 2680/=b0 | 1.5
0.920 J0.01 12 1.7496 1.0360 | 713.5| 281549 | 3.5]272d ~199
0.0 0.0 11 1.5698 1.3577 | 212.1}910
O-nitrophenol 7.670 [0.10 L5 2.7619 0.00 2161 — | — | — |© -0
0.767 .01 L2 2.6952 1.7073 |987.91431067 1.6
0.767  10.01 1,3 2.7210 1.6947 |1026.1 4370|4127 3.0
8.767 .01 L6 |2,7900 | 1.823L | 968.61L050)-193 4.5 |2,y ~35)
0.0 0.0 LL 12,7920 | 2.5687 |223.3| 93y
2-nitro-l-butanol 6.55 0.10 16 2.5758 — —_ — — —
6.55 0.10 17 2.6200 — - — - -
6,55 .10 18 2.68L53 - — - B
6.55 0 .10 20 2.7157 - — - — | - | oo |~cO
0.0 0.0 10 2.7801 2.5924 [187.71 781
2-nitro-l-butanol 0.655 p.O1 21 2.74L57 2.1651 |580.6]2320(-20 | 0.9
0.655  P.OL 22 2.3167 2.2317 |585.0/2340f 0 {0.0
0.4 D.01 23 2.8546 2.2611 |593.5|2395[455 | 0.2
0,655 p.0l 2 2.9201 2.3451 |575.0{2300|-L0 | 0,2 |234,00—205
e O D, 0D 19 2.9989 2.8028 |196.1| 768

Trimeth¥lol Nitrometh| 3.300 0.10 7h 2.7533 1.5169 |1236.]5190|4130| 2.6

ane | 8,300 P.10 76 2.7075 1.4893 {1218 [5270(+210| }.2

&.300 p.10 77 2.7310 1.8212 |1210 |5120|+ 60]1.2

8.300 D.10 78 2.7163 1.6203 |1126 [L660[-400] 7.9 |5060/~615
0.0 D.0 75 2.7531 2.5848 |168.3| 708
Trimethylol Nitromethanp 0.830 |0.01 57 2.5570 1.9758 1681.2|2420(+62| 2.6
0.530 |0.01 c8 2.5u67 1.9717 |575.0]2395| +37!/ 1.6
0.830 |o.01 61 2.5507 2.6397 |511.0(2162 |-196| 8.3
0.630 [o0.01 62 2.5057 1.9197 |586,012455]1+97 41123581kl
0.0 0.0 60 2.508L 2.2797 1228.7| 965
Cyznoacetic Acid li.68 0.10 63 2.511% 2.3140 |197.8] 8Lo|-23 | 2.7
1.68 0.10 6ly 2.5790 2.3665 212.5] BB6 (423 | 2.71863 |~24.2
L.68 10,10 66 12,5780 | 2,1067 [161.3) 676 (%25 | 3.8
L .68 0.10 67 2.4901 2.3551 1143.,0f 627 (-24 3,71651 1+ 6
0.0 0.9 65 2.5720 | 2.L038 |168.2] 699 '
Cyanoacetic Acid 0,468 [ 0,01 68 2.6100 2.330h6 1175.L1 757198 2,4
0.U68 |0.01 70 2.5079 2.3287 |179.2| 762 [+23 |3.1
0.u68 |0.01 71 |2.4228 | 2.2L56 [177.2{ 787 [+h8 | 6.5
~Fsir68-1-6+08% P2 12w 58301 2ok 32 21 35Is P61 150112+8 739] +3.8
: C.0 0.0 73 2.54,33 2.3627 |181.1] 768
Pyridine | L.35  |0.10 86 [2.h926 | 2.3L92 [1h3.4) 627 |-11 |21.)
11,35 0.10 87 2.4333 2.2393 1194.0] 8L5 |+47 [ 5.9
4,35  ]0.10 88 2.1425) 2.2L,36 [181.8] BOO|+2 0.2
4.35 10,10 65 2,1937 2,0152 1178.5] 7uB1-80 ‘6.3 798! +h.1
0.0 0.0 85 2.5175 2,3230 [194.5] 832
Pyridine 5.892 |0.139 100 [2.6773 2.1929 118401 791 [~33 [L,0

5.892 [0.134 102 J2.7891 2.5850 [20L.1] 851 [+27 3.3

G895 10,139 103 12,1352 2.5L67 [188.51 799 [25 [3.0

S.895 04139 104  [2.7523 2.5485 [203.8] 857 (433 [L.O| 824} —3.9

0.0 0.0 101 [2.6789 2.4917 |187.2| 793

Pyridine 7856 ]0.18¢ 8O 2,306l 2,1083 1198,11 836 1+9 0.8

7856 10.18 81 2.;216 | 2.2169 [205.2| B70 (39 |L.7

7.856 |0.18 83 2.3869 2.2009 [186.0] 786 |45 | 5.4

” Chvil Dbl b2 , :
{ﬂ_‘: . .23!.;? 211551 32856 A N S SS SWS Y ) 8}1 0UeQ

e
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0.0 0.0 82 P . 3635 2.16L48 (198.7] 830




Corrosion Inhibitor Efficiency-

Table V

Aerated and Agitated 5% Phosphoric Acid- Steel Coupon~ Time 2l; Hours- 25°Ce

Data and Results for Rodine and Inorganic Cempounds

Run _ _Bonc  |by |Acid Metal| Wt Wt Wt [Corr|Dev| Devidve| pre
Ho. Inhibitor ) WT |Sol| Sampl| Before | After L?ss Rate A::&Rate Cort
£l ans | oo | Ho. milli Cor Ratd
TS0l | % _Erams | grams | granms)Mdd |Rate % %
1L | Rodine 50 15,90 2,06 3 |1 2,2L21 2.050L ]191.7] 765 |#h6] 6.4
| 25w G0~ t- 29061 -3 R 240006 1581664 18904833314 115.8
15.90 | 2.06] 3 | 3 2.1768 | 2.0073 |169.5|707 |-12] 1.7
15,90 | 2.06] 3 |10 [2.1710 | 2.0067 {16L.3|665 -3 ] L.7| 719 [+3.8]
2.0 0.01 3 1]0 2,2651 | 2,0835 |181.6| 7L7
L. | Rodine 5u 3.980 |0.52] 2 |1 2.6871 | 2.L751 [212.0] 846 =43 | 1.5
3.980 |0.52] 2 |2 2.1136 2.2008 1212.8/938 |+49] 5.4
3,980 10.52| 2 |3 2,604 | 2,3916 [212,8/887 | ~2| 0,2
3,980 0.52] 2 |10  [2.592L | 2.3800 [212.L886 |3 0.3]889 }20.0
0,00 |0.0] 2 o 2.6257 | 2.u159 |17918] 711
6 Rodine 50 0.7930 |0.10f 2 | 8B 2.6342 2.4119 [222.3|942 | =61 0.6
0.7930 10,10 2 |9 2,639l | 2,1151 1220.3/959 1411 | 1.2
0.7930 10.10] 2 |11 f2.u666 | 2.2541 [212.5/913 |=35| 3.7
0,7930 [0.10{ 2 |12 2,631 | 2.3824 |219.0/978 430/ 3.2l9u8 |~5.0
0.0 v.0 | 2 |1 2071432 205237 1219.5|903
LS | Sodium Chromate 7.7Q 1.0 1 101110 |o.4186 | 2.6L7h | 1.2 5.L{-115.6
7.70 1,0 | 101111 J2.7625 | 2.7623 | 0.2| 8.4 +2[31.2
7.70 1.0 | 10} 112 [2.5936 2,592l 1.2] 5.4} ~1 5.6
7.70 1.0 | 10] 113 [2.7377 2.7362 1.5] 6.4 0] 0.0] 6.4499.3
0.0 0.0 10| 75 2.0073 1.8025 |204.8]859
116 Sodium Bhromate 3.95 0.5 1 10180 2.1083 S - —_— ] - —
3.85 0.5 ] 10|81 |2.,216L — o | == | ==
3.85 0.5 ] 10|83 ]2.2009 —_ S UV [
3.85 0.5 10|84 ]2.1561 — S IR R B P e
0.0 0.0 |'10[82 [2.1648 | 2.02L0 |1L0.8|590
L47 | Sodium Chromate 9:770—-} 0,30} 33 { 110 {2,647, | 2,5122 1135.20600- lou| -
0.770  |0.10] 11 |111 |2.6725 | 2.58Y3 | 83.2|350 |-uS [11.iy
0.770 _|0.10] 11 |133 |2.7362 | 2.6327 {103.5{LL1 |+U6 [11.6]395 [456.1
0.770 0.10] 117} 102 {2.3940 1.8386 |555.4)2320] —- | ——
0,0 0,0 | 11 11312 {2,5921 203232 1199.2! 900
48 | Hydrochloric Acid 4038 0.57{ 11|11k ]2.6748 2.4582 1216.6] 9031475 | 9.1
.3 0.571 11 [ 115 J2.7212 | 2.5230 [198.2] 3561428 | 3.4
Li.38 0,57} 11| 117 |2.6997 | 2.5128 |186.9| 813|~15] 1.8
ot 057113 T2 89—~ 1 263281316591 —1391-89- 1671 828 |+5.9
0.0 0.0 | 11 116 |2.8005 | 2.5885 |212.0| 880
50 | Ferric Sulfate 2,000 10,26| 11 1120 |2.655) | 2226l |429.0|1830|-L5 | 2.k
' 2,000 0.26] 11 |121 Jo.721) | 2,2861 |u35.3|1892|+17 | 0.9
2,000 10.26] 11 [123 [12.6726 | 2.2506 |h22.,0}1855(-20 11,1
2.000 .26 11 | 124 |2.6763 2.2377 |L38.6[1922 {447 | 2.5{1879—111
0.0 0.0 | 11 {122 [2.784y | 2.5709 [21L.0| 889
56 | Sodivm Nitrate 7.70 1.00] 12 {110 |2.082L | 1.6555 |1126,911925]+2 | 0.0
7.70 1.00{ 12 [111 |2.1450 | 1.7097 [L35.3{1830]-86 | 4.5
7,70 1.00] 12 {112 |2.0060 | 1.5901 |415.911880]-36 1.9
7.0 1.00| 12 {113 ]2.2335 | 1.7565 |476.0]2030|114H 6.0[1916 ~111
0.0 0,0 1 121120 11.8153 | 1.6021 [213.2] 908
42 Sodium Arsenate 7.70 1.00] 9 85 12.3230 2,1592 163,81 7001+811.2
7.70 1.00] 9 | 86 [2.3h92 | 2.1917 [157.5] 689{=3]0.)
7470 1.001 9 | 88 |2.2436 | 2.0751 [168.5| 742 450 | 7.2
7.70 1,000 9 | 65 |2.0152 | 1.8633 [151.9| 635]|-57 | B8.2] 692/419.1
0.0 0.0 | 9 87 12.2393 2.0427 [196.6] 855
43 | Sodium Arsenate 3,850 lo.50) 10 {105 [2.6702 | 2.5073 [62.9] 711|-60 | 7.8
3.850 0.50] 10 {106 |2.6841 2,5098 h7h.3| Th2|~29 | 3.8
350 lo.50l 10 l107  [2-6505 2°u6§6 186.9| 809 {438 |L.9
3,850 0.50] 10 108 |2.6L61 2.14591 187.0] 823|452 | 6.7 |1T2 |+ 7.2
0.0 0.0 {10 | 75 12,2088 2,0073 98,51 831
Ll Sodium Arsenate 0,770 0,10] 10 {100 [2.4929 2.2937 p99.2] 85l | 456 | 7.0
0.770  10.10]10 J101  J2.n917 | 2.3120 [179.7 | 761 1-37 |L.6
0.770 10,1010 |103 [2.5u67 | 2.3521 [9L.6] 860|462 { 7.8
0,770 0.101 10 |104 |2.5485 2.3781 P70.L| 718 |-80 10.0 798 0.0
0.0 0,0 |10 {102 [2.5850 2.3940 p91.0| 797




Table VI

Corrosion Inhibitor Efficiency - Data and Results for Acetyl Acetone

Aerated and Agitated $% Phosphoric Acid - Steel Coupon - Time 2L Hours - 25°¢.

Conc - Acid | Metal |Wt Wt Wt Corr | Eff
Run Inhibitor by Sol | Sample|BeforefAfter |Loss |Rate
No. ' grams wt No. | No. milli
750 ml % grams |grams |grams|Mdd | %
13 Acetyl Acetone 6.332 0.886 4 L7 2.7343|2.4711{257.2|1050 | 12.5
2.928 0.330 b L8 2.73L6]2.5158{218.8| 942 1.1
1.952 0.253 L 50 2.822512.59801224.5] 929 0.3
0.0 0.0 b 51 2.781L4)2.5582223.2] 932

—zg-



Average Corrosion

Aerated and Agitated 5% Phosphoric Acid - Steel Coupon - Time 2l IHours - Te

Table VII

Inhibitor Concentration | Efficiency
% Nitrogen

Ethylene Diamine 0.10 3.5
O'Ol 008
Triethylenetetramine 0,489 - 3.3
0.245 - 1.2
0.10 2.9
0,01 - 6.8
Triethanolamine 0.10 - 21.9
Q.01 - 27.0
Beta-Alanine 0.10 11.7
0.01 - 2.1
Tri-n-butyl-amine 0.10 - 20.1
o 0.01 13.3
Aminoacetic Acid 0.10 - 7.5
O.:)l - 008
Di-n-amyl-amine 0.10 - 26.0
0.01 - 29.9
Tri-n-aryl-amine 0.10 - 38.0
0.01 - 22.0
O-Phenylenediamine 0.10 7.1
\ 0.01 6.6
[ Diphenyl amine 0.002 - 5.0
0.0008 3.0
P-litrobenzoic Acid 0.10 - 293.0
0,01 - 199.0

0-litrophenol 0.10 )
Ocol - BSLIOO

2-Nitro-l-butanol 0.10 - o
0.01 - 205.0
Trimethylol Nitromethane 0,10 - 615.0
0.0l - lhu.o
Cyanoacetic Acid 0.10 - 8.6
0.01 3.8
Pyridine 0.135 - 3.9
: 0.10 L.1
0.18 0.0
Acetyl Acetone 0,886% - 12,6
0‘380* - 1.1
00253* 003

o

# Indicates concentration by weight

Inhibitor Efficiency for Organic Compounds Investigated

mp 25%.



Table VIII
Average Corrosion Inhibitor Efficiency for Rodine 50 and Inorganic Compounds Investigated

Aerated and Agitated 5% Phosphoric Acid - Steel Coupon - Time 2l Hours - Temp 25°C.

Inhibitor Concentration| Efficiency
, %€ by weight
! Hodine 50 i 2.06 3.8
i 0.10 - 5‘0
Sodium Chromate 1.00 ’ 99.3
; 0.50 —oo *
| 0.10 56.1
- Hydrochloric Acid i 0.57 5.9
~ Ferric Sulfate . 0.26 - 111.0
| Sodium Nitrate 1.00 - 111.0
| Sodium Arsenate 1.00 19.1
l _ - 0.10 0.0

# Indicates reduction of chromate

—w—
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TABLE IX.

COUPON MEASUREMENTS AND AREA™*

Yo, Iength Width Are
0 0.8526 0.240 0,2426
1 0.521 0.280 0,.2506
2 0,514 04230 0.,2266
3 0,516 0,242 0.2401
4 0,518 0,242 0.2411
5 0.522 0.248 0,2496
6 0.521 0,244 0,2446
7 0,514 0,246 0,2431
8 0.500 0.246 0.2361
9 0,516 0,236 0.2341
10 0,516 0.242 0,2400
11 0,511 0,238 0,2330
12 0.531 0.248 00,2536
13 0,514 0.244 0.2409
14 0,528 04246 0.2500
15 0,520 0,260 0.2501
16 0,515 0,250 0.2476
17 0,525 0.248 0.2511
18 0,518 0.250 0.,2491
18 0,527 0.252 C.2559
20 04520 0.251 0.2511
21 0,523 0,248 0.2501
22 0,523 0,248 0.,2501
23 0,519 0,248 0.2476
24 0,520 0,250 0.2501
25 0.513 0.242 00,2386
31 0.516 0.240 0,.,2381
32 0.515 0,240 0.2371
33 0,509 0.238 G.2324
34 0,512 04242 042381
35 0.512 0.245 0.,2414
36 0,518 0,243 0,2421
37 0,513 0.260 0,2364
38 0.514 0.236 0.2331
40 0,516 0,240 0.2371
4] 0.512 0,240 0.2361
42 0,510 0.235 0,2296
43 0,514 0,238 0,2346
44 0,517 0.240 0.2386
45 0,518 0,238 0.2376
46 0.518 0,240 0.2391

Continued on page 56,



DB

TABLE IX. (Cont.)

COUPON MEASUREMENTS AND AREA*

No. Length width Are
am dm dms
47 0.510 0.240 0,2451
48 , 0.513 0.236 0.2324
50 0,518 0.243 0.2419
51 0.512 0.24% 0.2391
52 0.506 0.240 0.2326
53 0.518 0.247 0.2461
54 0,517 0,240 0.2384
55 0.508 0,237 0.2311
56 0.514 0.236 0.2326
57 0.516 0.242 0.2400
58 0.518 0,241 0.2400
60 0.520 0.238 0.2370
61 0.518 0.237 0.2360
62 0.518 0.240 0.2385
63 0.518 0.237 0.2355
64 0.526 0.238 0.2400
65 c.521 0.239 0.2390
66 0,518 0.240 0.2385
67 0,523 0.228 0.2280
68 0.521 0,232 0.,2318
70 0.512 0.239 0.2350
(2 0,502 0,234 0.2250
72 0,518 0,235 0.,2337
73 0.520 0.236 0.2355
74 0.525 0.2386 0.2380
75 0.522 0.238 0.2385
76 0.519 0,232 0.2305
77 0.520 0.237 C.2360
78 0.514 0.240 0.2417
80 0.516 0,239 0.2365
8l 0.514 0.239 0.2360
82 0.520 0.240 0.2395
83 0,518 0.238 0.2365
84 0,503 0.22 0.2265
85 0.513 0.238 0.2340
86 0.502 0,238 0.2290
87 0.504 0.238 0.2300
es 0.500 0,237 0.2270
100 0.518 0.235 0.2235
101 0.519 0,237 0.2360
102 04520 0.240 0.2395
103 0.521 0,236 0.2360
104 0.520 0.238 0.2375
105 520 0.230 0.2290

Continued on page 57
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TABLE IX (Cont.)

COUPON MEASUREMENTS AND ARTA*

No. Iength Width Areg
dm dam dm
106 0.510 0.240 0.2350
107 0.510 0.236 0.2310
108 0.502 0.236 0.2270
110 0.500 0.232 0.2220
111 0.518 0.240 0.2380
112 0.503 0.23 0.2215
113 0.511 0.240 0.2350
114 0.519 0.241 . 0.2400
115 0.520 c.232 . 0.2315
116 0.827 0.238 0.2410
117 0.520 0.221 0.2300
118 0.520 0.240 0.2395
120 0.508 0.235 0.2345
121 0.512 0.234 0.2300
122 0.522 0.240 0.2405
123 0.507 0.234 0.2275
124 0.513 0.232 0.2280

* Thickness = 0,013 inches = 0,0033dm
Diameter hole = 0,79 dm
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IV, DISCUSSION

Corrosion Rate Unitgs. The standard unit for expressing

weight loss data in corrosion work is milligrams per sguare
decimeter per day, or mdd. However, some writers prefer to
express these data in various other ways, one of whichk is
average penetration in inches per year, or Mipy'. To express
the rate as ipy is sometimes helpful in that it aids in the
forming of a mental victure of the actual deterioration of the
metal, i.e., the wearing away of the metal surfsce,

To determine average penetration in inches per year, it is
necessary to xmow the loss in weight, the area exposed, the
weight of the metel per unit volume, and the duration of the

experiment. The formula isg

WK

P(or ipy) = AT

where}

(or ipy)= average penetration in inches per year

weight metal removed (grams)

constant (0.003937)

w0
I

= specific gravity of metal

.
1

= area exposed (sq dm)

H
!

= duration of test (years)
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Provided the corrosion is uniform on the metal surface, a
conversion may be made from mdd to ipy or vice versa, using the
following equation:

ipy x 696 x density = mdd

If pitting has occured, a conversion can not be mede. The
pits are usually expressed as maximum penetration in inches per
year (depth of penetration). The term "pitting factor", is often
used to determine the approximate time of deterioration of the
metal by perforation, i.e.,

Max, penetration _
ave., penetration

pitting factor

Effect of Aeration and Agitation of the Corrosion Rate., E. P.

Whaley(73), has previously pointed out that aeration and agitation
have & pronounced effect upon the corrosion rate. He showed that
there is a 30 to 60 per cent increase in the corrosion rate of an
aerated solution of five per cent phosphoric acid over an unaerated
solution of the same strength using copper as a metal., He also
showed that there is an increase in the corrosion rate when the
rotation of samples is increased. During this investigation the
flow of air to the corrosive media and the rotation of the coupons
was kept constent, thereby eliminating any inconsistancy.

Effect of the Method of Cleszning on the Results of the In-

vestigation, The same cleaning procedure was followed for all
samples, thus weight losses due to cleaning were constant throughout

and did not appreciably affect the relative results,
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Duration of Run. The length of the individual runs was

24 hours. During this time between 700 and 100 mg/sq dm/day,
corrosion rate, was observed in blamk runs.‘ This is more than
the minimum weight loss prescribed by the Standard of the American
Society for Testing Materials(l).

Yariation in Dats for Inhibited Runs. The Standard of the

(1)

American Society for Testing Materials' ™

on immersed corrosion
testing states that the per cent deviation from the averagé

for a four coupon run should be plué or minus 7 per cent.
However, in this investigation a plus or minus 10 per cent
deviation has been accepted since an inhibitor, in order to be

a good inhibitor, must be at least 50 to 70 per cent efficient.
A 10 per cent error will have little or no effect upon the final
decision as to the practical value of an inhibitor. Another
reason for accepting & plus or minus 10 per cent deviation limit
is that the corroding system was not under strict control, since
it was open to the atmosthere. An evaporation error was thus
introduced. The volume change may be as much as 5 per cent in
24 hours. It should be pointed out, that where there is little
or no weight loss, the slightest variation in the weight.will
introduce considerable error. This can be illustrated in the
case cof sodium chromete in Run 45, Table VI. Here the devia-
tion in three samples out of four was greater than 10 per cent;
however the greatestweight loss was only 1.5 milligrams and the

lesst 0.2 milligrams,
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Reascn for Testing Inorgenic Compounds. During this in-

vestigation no organic compounds were found that had any apprec-
iable‘affect in inhibiting the corrosion process. The literature
mentions sodium arsenate, sodium chromate, and other compounds
that do act as inhibitors. Also, in the phosphatizing treatment
of steel, certain inorganic inhibitors are used. It was then
decided to test some of these compounds and try to find an in-
hibitor thet had a greater efficiency.

Rodine B0. Rodine-50 is z commercial inhibitor that is
used with hydrochloric zcid in pickling of stesl. During this
investigation it was used with hydrochloric acid to cleen the
samples, as mentioned before. A qualitetive organie snalysis
was mode of Rodine 50 and it was found to contain the tertiary
amine group, formsldehyde, hydrochloric ecid and water, In
table V, RBun 4, in a concentration of 0.E17 per cent by weight,
Rodine 50 showed = negative efficiency of 20 per cent, thereby
not being an inhibitor at all under the conditions tested.

From this action it can be concluded that a compound which is
a gocd inhibitor in one acid or solution may not necessarily

have the same action in another medium.
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Clzssification of Organic Compounds Tested. Some of the organic

compounds tested may be classified as poor inhibitors or inert,

Most of organic compounds tested may be classified as accelerators.
These ares 2-nitro-l-butanol, trimethylol nitromethane, nitro phenol,
di-n-amyl-amine, tri-n-amyl-amine, tri-n-butyl-amine, and triethano-

lamine,

Clagsification of Inorganic Compounds Tested. Sodium chromate
may be classified as a very good inhibitor in concentrations of
‘one per cent while sodium arsenate may be clsssified as a poor

inhibitor. TFerric sulfate and sodium nitrate were found to be

accelerators.,
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Comparison of Amines. From a study of the literature, several

amines sre shown as good inhibitors (over 90 ver cent) of sulfuric
acid, (Table I). But (Table III) all the amines do not show an
efficiency of greater than the experimental error and some are
definitely negative. Uhlig(es) states that compounds which show
inhibitive properties fo§6ne acid, should have similar inhibitive
effect on other acids. However the results of this investigation
do not lead to such a conclusion,

Discrepsny of Sodium Arsenate. According to Table II, it

can be noted that Kosting and Heins found no weight loss using
sodium arsenate in a concentration of 0.49 per cent by weight,
in 2 50 per cent phosphoric acid solution at a temperature of
80°C. In Table V, Run 42, sodium ersenate shows an efficiency
of 19.1 per cent, at & concentration of 1 per cent, under the
conditions tested. This discrepancy mey be caused by one of

the following reasons: (1) The samples tested showed very large
pits that indicate sodium arsenate intensifies corrosion in small
areas, thereby not completely blanketing the metal surface.

(2) The activity of a2 5 per cent phosphoric acid solution is
greater than the activity of a B0 per cent solution. (3) The
temperatures emvloyed were different. (4) The velocity and

aeration may have been different.



Action of Sodiwa Chromate. It can be seen from Table V,

Run 45, that sbdium chromate inhibits corrosion almost completely
in a concentration of 1 per cent, using new samples. In Run 46,‘
godium chromste was tested in concentrations of 0.5 per cent on
used samples, 2nd the samyles disintegrated. This may be ex-
nlained in the following manner. When the samples were intro-
duced into the corrosive media containing sodium chromste, the
solution turned a greenish color after a few hours, indicating

reduction of the chromate ions to chromic ions. Evans(la)

. points
out that chromates precipitate ferrous salts in the absence of
alkali, giving a precipitate containing ferric ion, chromic ion,
hydroxide ion, =nd the chromate ion. In this run the samples
were not clean and shiny, but contained a greyish black film
which might be called ferrous phosphate. The chromate was
reduced by this ferrous phosphate and in this way the chromate
never reached the actual metal surfzce where it could inhibit

the zction of the phosphoric acid. As more ferrous‘phosphate
was produced by the action of the acid on the steel, it too was

oxidized to ferric phosvhate, znd so the sample disintegrated

in this manner,

Acceleration of Corrosion. In Table IV, Run 9, 2-nitro-
1-butanol in concentrations of 0.10 per cent nitrogen, was such
a stimulator that the semples had disintegrated before the 24
hour period had elapsed; therefore no cusntitative results could

ve determined., In the same Table, Run 17, nitrophenol shows
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similar gction in the same concentration. 1In a lower concentration
of 0.01 per cent nitrogen, both compounds, however, did give a
corrosion rate that could be determined. In the case of 2-nitro-
butanol, Run 10, the efficiency obtained was minus 205 per cent,
and in the case of nitrophenol, Run 17, the efficiency was minus
354 ver cent. However, the samples of both runs were badly
pitted and could not be used again. This action is very curious
since Mbnn(47) states that "organic inhibitors have never been
found to act as stimulators", yet here is one organic compound-
(an inhibitor in copper and vhosvhoric acid) that does act as

a stimulator in the corrosion of steel by phosphoric acid. The
corrosion rate was aprroximately three to four times greater
with the inhibitor than without.

Evans(18) divides inhibitors into two classes, safe and
dangerous. An inhibitor can only be dangerous when it is an
anodic inhibitor and is added to & cathodically controlled re-
action in small zmounts. An exemple that can be given is the
inhibition of corrosion of steel in waier by sodium chromate.

If an insufficient amount of sodium chromate is added to such

2 system, corrosion will be intensified, and therefore be greater
shan without the inhibitor. The inhibitor will reduce the area
being corroded still more rapidly, thereby increasing the pitting
factor. Evans points out(79) that & single compound may belong

to 2 safe and dangerous class under different conditions. This
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seems to be the case with 2-nitro-l-butanocl. With copper and

5 per cent phosphoric acid the compound is a very good inhibitor
(94 vper cent), while with steel and 5 per cent phosphoric acid,
it is =n accelerator.

A possible explanation for this difference is that
Z-nitro-l-butanol is only slightly soluble in 5 per cent
phosrhoric acid. Weights of this compound thaet would give a
nitrogen concentration over 0,10 per cent will not go into
solution. In this investigstion, the corrosion of steel is
under cathodic control. The compound, B-nitroibutanol, can
be considered to be an anodic inhibitor and in small amounts
éan only serve to increase the total corrosion. Iarger amounts
of 2-niiro-l-butanol might conceivably inhibit, but it is im-
vossible to put larger amounts in solution, under the condi-
tions of these experiments.

Whaley(75) hag shown that seration increases corrosion of
coprer in 5 per cent phosphoric acid at 25°C. This msy seem
to indicate that copper is under cathodic control. However, it
may be postulated that the oxygen goes to the snode forming
covver oxide, which is then dissolved by the ghosrvhoric acid.
Since the rate of corrosion is dependent upon the rate of the
anodic reaction of coprer with dissolved oxygen, the corrosion
can be said to be under anodic control. Therefore, when 2-nitro-
l-butanol, an znodic inhibitor, is introduced into £ per cent

phosphoric acid, the corrosicn of copper can be stifled by
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adsorption of the inhibitor on the anodic area. This may be
the reason why, under these conditions, 2-nitro-l-butanol is

an inhibitor for coonrver and an accelerator for steel.



Limitations

This investigation was carried cut under the following

limitationss

The temperature employed was 250p1us or minus O.SOC.
The time alloted for each run was 24 hours,

The concentration of the phosphoric acid used was

5 per cent, and the solution was prepared from 85

per cent, chemically pure, ortho phosphﬁric acid, in

a batch process.

Steel containing aprroximately 0.08 per cent carbon was
the only material tested.

Samples that were used were cut from & single sheet of

steel using tin-smith shears, and the areas were not

" constant throughout.
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Recommendations

This investigation has suggesied that the following work

be dones

9

Lo

Further electrode potentiometric measurements should
be studied with steel and copper in inhibited and
uninhibited phosphoric acid solution,
Inhibitors in various concentrations, especizlly the
amines should be studied in varying zcid concentrations.
Corrosion of steels of different carbon content
should be studied.
Compounds that are inhibitors for one acid and metal
should be studied in other acids and metals to deter-
mine whether—they are effective,
Similar investigations using higher temperatures should
be studied.

urther investigation should be made on the nature of
copper in aewated acids to determine the mechenism of
the corrosion of metals more noble than hydrogen,
Sodium chromate and other inhibitorsvused in this
investigation should be studied using a slower velo-

city of rotation.
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V. CONCLUSIONS

From the results obtained in this investigation, the

following conclusions can be drawnt

1.

A substance inhibits corrosion only under certain
conditions, and under other conditions it may not
be an inhibitor, but mey be inert or an accelerator,
No compounds iested inlconqentrations of 0,01 and
0.10 per cent nitrogen, were fdund to inhibit the

corrosion of steel in 5 per cent phosphoric acid

~at 25°C. and under the conditioné of aeration and

;1w agltation used,

Sodium chromete is an 1nhibitor in concentrations
of 1 per cent for the corrosion of steel by a b

per cent, aerated, agitated, phosphoric acid
solution at 25°C.

The mechanism of the corrosion of copper proposed
by Whaley is not substantiated., Chelation probably
is not the mechanism by which B-nitrd-l—butanol
inhibits the corrosion of copper‘in o 5 per cent
phosphoric acid solution.

Inhibitors that are used and are efficient for omne
acid under certain conditions cannot always be said

to work for other acids under other conditions.
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