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ABSTRACT*
' Th&treseach contains a "brief literature survey

of corrosion and inhibition, both in static and flowing
media* Pr el iminary work was carried out in static medium
before employing the flow system# The experimental techniques
used were weight loss,potential,capacitance,and polarisation
measurements • ..  __j_ ____    ^

Pretreated copper,and also pretreating the medium
with benzotriazole within certain concentration limits,
greatly increases the corrosion resistance of copper in staticj
media. This confirms previous findings* ;

In flowing media the protective power of the “ “’’J
inhibitor, is reduced* A theory has been put forward to
account for this* The degree, qf ; attack depends^ Jr-
on the: ratid of cuprpus to cupric benzotriazoles present at
the* metal surface.

The experiments also showed that the fraction of
area of surface coverage by the inhibitor(determined by
capacitance measurements) cannpt be the sole criterion for
determining inhibitor efficiency in flowing medium. In fact

C X  - 'in^static mediuq^ the area of surface coverage very-closely
a #

followed the inhibitor efficiency,but not so in^flowing medium,

The results confirmed the findings of other workers
that results from static experiments cannot be applied to 
flowing media#



CONTENTS.ain  . . .

g M ? m . J L .  Page Mo,
General Introduction. I

1.1 Corrosion & Corrosion Principles 3
1*2 Corrosion Preyention 9
Io3 Theories & Mechanisms of Inhibition 13

' 1.4 Effect of plow
(a) Elementary Hydrodynamic Theory 26
(b) Effect of Plow on Corrosion 29
(c) Effect of Plow on Inhibition 39

1.5 Effect of Molecular Structure on
Corrosion Inhibition 41

1.6 Benzotriagiolo as a Corrosion Inhibitor 45 
CHAPTER. 2.

2*1 Introduction 50
2.2 Experimental WorE 51
2*3 Specimen Preparation 52
2*4 Experimental Procedure 55

CHAPTER 3.
3.1 Introduction 63
3.2 Plow System 64
3.4 Experimental Procedure 70

CHAPTER 4.
Results and Discussion 76

CHAPTER 5*
Conclusions and Suggestions for Future
Wort 95



APPENDICES
■ ■ ■  _ |

REFERENCES

Page No* 
100 
110



C H. U l | . B  I .

: a, 1. ftfflgBfl. \ .
Corrosion has been described: as one of the 

scourgas of cl.viliza,tion.. (l) as i.t. is . a. universal; phenomenon. 
In_Britain..alone,, ilia,.annual cost, of corrosion la Hell oyer 
£6o.OH3. being incurred by the. replacement of .materials, in 
maintenance no sis., and in lo s t, .production 42) •

The corrosion scientist tries to eliminate, or
greatly reduqe., the metal loss, due to corrosion.* He. does
so for. two. reasons, -r conservation of. metals, and. economics tj) * 

1 (1) Conservation of ,Metaiis.>
As tbe .me.lal .res.Qurc.es. of the .world are limited, 

unnecessary loss. ...or. wastage. of metals .must be minimised*
(2) Economics*

- Ihis may be. subdivided into, two categori.es -
CD direct and. .(ii) indirect losses.
( i) iplgect Losses *

(a) Cost of replacement.
(h) :Maintemnqfe... 

til) Indirect1 flosses;,
. - "ibe-pH daises- :±ai*\jmx&::&±££±GxQM to. .assess, 

but they may be many times; more; co stly than; the direct losses.
(a) Shutdpwn. .
(b) toss-of. product.
(c) Loss, of efficiency. 
t&). Contamination.

'  I (I)



Overdesign, 
t f) natari.oration.
(g) Explosion*, Eire. Risk,, etc.

ihase. are the main problems the. corrosion scientist 
is trying, to deal, with in his. efforts, to. combat corrosion.

(2)



1. 1- Corrosion andoC ovr o s ion PrxncIples»
In. the. study. of corrosion., aver the. yo,ar£* savi&ral 

thaari.es,. have been, advanced ta.account for certain. observed
phenomena.. These,, include tha ..Acid Theory*. J3ydrag,fi2i Earo.aqj.cle j

Theory.*.. .Colloid .Theory,*,. .and Eicech. Q̂ gjga. .Attack. Theory.*, ...but 
it iS- noi. accepted that. .cqr rasion .and .aqueous, solution, fjp a 
purely electrochemical. .phenomena... i4>5..>6). .....

ln,a. .simple, aor.ro.sion. process*. the., overall
'■'! i
; ' !

chemical, reaction i.s made up. of. two.: .elementary reactions - 
tha anodic, and. cathadiCL ..reactiqns.

The., anodic r e a ct ion . i s .metal, di ssolntion.
K, .‘(l)

This* reaction, will. h:ein equilibrium at a characteristic potential 
fo.r this...metal* the potential., .being governed* hy the relative
free energies, of the. atoms in. the. lattice,, .and*. the..,ions in

\

solution,
For electrical neutrality to, prevail*,, the anodic

reacticuL...will he.balanced hy ,the. oathodic; mactionr; two
typical cathodie. .reactions encountered., in. the., corrosion
processes are -

. 2H+ +-- 2e..,---- > Ha (.2)
or Oa •+• 2%0 + . 2e r— ^40H". (.3)

These two., .reactions, will hpve.. their, own. characteristic, 
equilibrium. potentials, dependant, ©n. their, respective free 
energy relationships.

When a, metal is immersed, in solution* some, of .the 
metal surface becomes anodic, and others, cathodie..* The 
formation of ano.di,a areas, is. favoured by a lack of. dissolved



oxygen, in the immediate, region*,. or. the..ahsenae,, of .any
protective coating,, on. the metal, surface*.  Electrons, __
liberated by reaction (I), ^ ...
will transfer via, the ma^al to. the. cathodie. sites. ..to take 
pant in. reactions 42). dr (,3), Normally*. if. no oxygen is 
present^ the. hydrogen., evolution reaction, ^reaction (2)) 
occurs* but in the. kfeseuce of oxygen* the. oxyggp. reduction 
reaction .(reaction (3)) tolas....place,

The standard, elec trode, pp.tential.,.of.,a.,m,etal (Ira. ) 
is. given for. .a..metal in.. .̂ ..solution ..of, metal.. ..cations .at. unit

. * factivity-, Jt is often, important., to. know.how.,these., valpes
vary with, changes, in activity, .as.. one,,me.tal,1.may,.,.b.e»..anodic>. to
another metal at one, c.onpantration*. but when, the ..concentration
of_ ions. is, -altered;, the, reverse ..may .ha. true,.,IL'he,,relationship
is., given.by.,:the,,.Nernat,.equation.which.e an.be.,,derived from
thermodynamic,,.,ccnsiderations. 4b) s -

©ĥvv  ̂ TBf * 1 a, 
aFwhere ,Ew\.- electrode.potential of...metal,,JUE* ih ,a, .solution of a 

activity jx^+
Each, anodi.c.. and. eathodle,,reaction,, has, its. ..unigue 

potential .which may .be shifted. ..in ..either... direction, by the 
presence, or, absence of. other chemical .spacias.̂ ..and..i,s. a 
function of.„ the.,reaction, rate,-,.. A. change ,in .potential with 
a, change, in reaction rate iS-. te.rmed..poiarisatio,n,- Anodic 
reactions .always polarize,, in.tha... anodic ..direction*. ..whereas 
catholic. reactions, polarize, cathodie ally* . the,.causes, of 
electrode polarisation are activation polarisation, 
concentration polarisation,and IH drop*

(4)



(I.) Activation Polarization o
, lht&,.ls,..cmis.p4t by- .tha.,fact, thal..t3xâ rean,tiQn̂ als,the 

. electmde. ..raquiren, b.e4talh^-e^fif(fhe.,nctivatton^eneiigyX to 
inttihin, ih^..... 3!his. .polariz.at±arL. xs... eh&radtartsiin .ef-metal

J

1pm, :depp^idJ9ix*,r.̂ ft. .is. small, fox,. man^...
transi±inm..meials~ l&g-JRu* *Cju, , or.2a .) .. lhalegren of 
pol.arlzati.aiL. is. also.. inf Inencedly the,,anion..associated 
with,, the,., metal., in.,.solution,*.. . ln,..s.omn,,casas-.ihe„.CQntroiyLng 
st.ep is. .the. .slaw. it
leaves,. thnlaf t ice* ,,„.ar. the.,4^y:'dr.aticaa„,af.. the hydrate&loh
as....it ..enters, tha,,mptal ..laftip e *

1i0aen.-â uilihripm̂ atWtB̂
solutionis, v..ohtaina,d*... the anodic., dissolmtian^and, the
catho„din,. .deposition...are.. proaeeding- .at the., same,. rahe^ C3?ig*l.)

M, *(inlattice),.,..... (hydrahe.d-..iiL, solutioh) * ’
lha.-exGhang§̂ curxen4.,.4ansivty,>:a0,J|. i& then.given.,.l̂ r —.
i0- = laexp/rA&h\ = Ltltexp (“AQc_\

^ tlT / V CLT /where, La and. Le. .are parameters, containing, ..dimensional
constants,.

If. a potential,, is,., now... applied so,, that, the, metal' 
he cornea, an anode*, tha equilibrium ,wi ll..heuupsst,., . Ipe
value, of t helncraase, in .anodic, potential, is,, termed., the 
anĜ dic.nvarpotentf-al,-,̂ ) . ihndiaplucemeni of. the
energies..is„.divided,hetweenthe... anodin..and,...c.athadic, reaatipns
in the „ratio.../i-*■ where.. is., the, ratim of,, the,, distance. between
the, transition state, and the lattice.- energy well, fa the .
total, distance, between the. lattice- .and. solution ..energy
_____________........ (5)  , "
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wells. (Fig.2.) The, applied, anodic current ...dens!ty 
is. then given, by; -

iA . ” i0 \ exp ./&S?lbJl\ " exp * Aa L v at / ̂ C r
A..similar̂ ..exp.res.sion- may., be, .obtained, ion ...the. dorrespondi ng 
cathc-dlc.-process, This, equation,may. he. simplified, in 
two .cases.
Case:,!*. ... .When.tha. irrey.erslhilxty-..o.f....th.e.-,el.act.roda...pmcLess
is small,..and-ihe,-nyarpGiential-is. leas, .than, .Q,*,0,ZV̂, the

xexpress ion,, may he . ..expanded,as. £ = 1.+ x
(ft ~ uCo * -■— .H a TThe anodic., current. is. proportional.. to, the, ovarpatentinl.

■Casex2i....‘ When,the,.overpo.tenti.al is., -greater. thanlUQStf. and
the. rate of. reaction..apposed- by. the. o verp.o.tential .is, small,
the. second, term in. the, expr.ess.lon may, .be, neglected..,- This
gives.*, on ..rearranging, the expression -

” 2̂ ,IQghT - lag ia F. 10
Ty* = a--+ h .lag, i

where a, and. b, are characteristic, constants, .o.f each, electrode
process,. . This. .equation is .known. .as the. .rafel,...Equation,

is sometimes, te.rm.ed. the activation, aver-
potential ...and is: a measure, of the. extent: of: the: interference
with, equilibrium, .at. the. metal, electrode,

0 one exit rat i cm Folar 1 zat- j on*

li.a-matal. M. is placed in.a. salatlon,,o.f Its. ions I 
and...made... the. cathode* the. <̂AceirttrVxt&̂ p.olarizatipn̂  in,,.,the.. 
absence, of any, ..external, current* is given by. the...hernst 
equation -



When. the:, external current flows:,. metal is deposited .on. the 
elacirode and.so decreases. the..concent ration of metal. ions 
to (,Mi+ .) :ihe. -oxldationL.p:o.lar.tE-at.l.on id now - 

E-& » 'KSl. - 0.*Qmi$.o:R, (lift) s. , ,
As, (E.^lsl the. .potential, of, the p.plarineicatho d e
lsv less, .noble, (mar.a. active.). in.tha, presence of. tha external 
current... „ The,, value ^ j s ..the . cone ent.ration. polnriaatlon 
and. .equals - ■

• 0»059 lo;s ( d iz (.IFTs.
The. 1 argpy tha miri-en.t, thip smallpr th.a .yn.1.ne of* anri
the..largerihe, OQncaripati(pn..palariaaiipn.

When. (M̂) s. approtches,, .zero.. .at. the, .metal, .electrode, -
the.., ..cancen.tra.tiQn .polarisation.. ap.pr.oaches.,ln£inltyiU... The

; . value, of., tha.xurrent.density .is., termed the., .limiting, current
density, X-uJ • IX. the. .applied, ourren.t,,.density,.is 1*. H.can
be, sho.\m...that(iy Es . = :2u .5Q5;RT ■ ,lp,g,,iw..
: i f  U “ -i.
(3) I&JtoPs

r This.. Is* due. to* the. electrical, resistance..n,£ a film 
or the electrolyte,.... When.the. current, density, i.a,, i and the film or

electrolyte, resistance,..Is. ,R. ?, the. .contribution, tcnthe
polariaatian.. is .,1R.

Gonqentration polar! zation.ia,.,.dac.rnasad,.wi th 
electrolyte,.motion*., flJuV?, .activation polar!zationnnd. I,R drop 
are, not,, significantly affected.

iThe. rate, of the. overall, reaction, is,...controlled 
by tha .rate ,of the slowest elementary .step. in. one. of the

: (7)



reactions,. For example*. tha. bydmgen discharge, may consist 
of tha following steps -
(,&). The..by dr.o.geni.Qn* exls.^lng, as. th a  hy.droKoniiU3i io n ,, d iffu s e s  

to. th a  m etal. .surlac e

H5 O'**.— — > .-Gatho.de. 
lb) H3G* ads or,ha. to a. cathadlc point on. the., metal surface, *

, (. c) An. electron Is transferred, from, the. metal, ta the 
ads.or.had, hydrogen ipn.
(.&•) The adsorbed hydrogen atom., combines. ..with, .another .hydrogen
atom. in.. its. vicinity*. forming.. hydrogen molecule.
(e) The. hydrogen molecule diffuses from* the. surface.

The. slowest of. tlc\a. above. reactions, determines, the
o v e ra ll, ra te . of. the. hydrogen dischargee

Generally*. there- are., four .'types, of..reaction, control
which, are, .governed hy the. relative, resistances, of. the. aî odvĉ

reactionsca.tho.dlCj ,.and .electrolytiĉ , .. These, .are. easily illustrated by 
polarisation, .(current/potential) .diagrams.

When. the., two, resistances, are. equal*- the, corrosion 
is. under..mixed, control .(.Fig., 3a)..If. the res 1 stance of the i 

anode is much .higher, than. the,, ca.thadic, one.*, anodic control tales
place. |.Fig,.,5h,.)- Fig:,3b*. sjaows the. .case. of. cathodlc. control.
Resistance control tFlg,&,3d„). occurs., when, the., electrolyte 
resistance, is so high that the, resultant, current is hot 
sufficient, to polarise the. anodes, or. cathodes., appreciably.

Inhibitors, act. by interfering, with either, the. 
anodic .(anodic, .inhibitors,),.* caihodic. .(.cathodic..,inhibitors) , 
or .both. Imixed. .inhibitors) el.ectmd.e.. reactions,*.. Very few

(8)
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inhibitors. act purely by altering, the. resistance of the
electrolyte.
2o. Corrosion Prevention

Some of the. methods, used, by industry to., present 
corrosion are,, .outlined here.., .It. is...estimated (.8). that they 
coSt..Britain ,£5QQh, per. year.. For ease, of discussion, the 
methods, used, may he., placed. into, two, .categories,,,̂ ,. kinetic and 
thermodynamic..
TV Thermodynamic Method

(a) Alloyingv .■^nwiafcir <m  i *m tpi « I T *m  thxs way
. .Effectively &» alloying ofa metalliner.easaa its 

nobility .and, so, reduces the. driving. in. the. Corrosion
cell.... The. nobility el a metal is a. function of its 
subliiina ic,. energy*, ionisation. energy,*. and. solvation energy* 
which, is., a. function, of. lattice stability.,* by. increasing, the 
strength. of the. metallic bonding.* .. As. the, magnitudes of the 
ionization or, solvation, energies, cannot, he significantly 
changed*, tha, nobility- increases*

'Care must be:: taken: when alloying certain metals* 
as,.their phy.sic.al properties mpy change. .. .

This..-form of protection may. be, effected, in. two
ways. - (i). by galvanic action, and (iij. by . impressed pol^r-
.izption by; an. external battery or generator* the, latter
being more, easy to control .and cheaper to. use.

Both, these, methods employ the. same, basic principle„
The, metal, to be. protected is. connected to .a .source of
electrons, and, is. flooded with, a. high electron concentration*

(9)



Conse,cpienlly metal ions ar.e.. hindered. from crossing the. double 
layer, into, solution. by the. adverse, electrical potential. = 
gradleBt and. the. sera#, metal* not the metal, being .protected, 
dissolves,.. .(.Fig,.,. 4.)

This method has some, disadvantages - 
ij. Fxc.essi.ve, alkali nan be. produced causing, corrosion products 
to coat the.- anode and stifle .any proi.ecii ve action. 
iij., Any., stray currents could, affect other metal structures 
in. the vicinity.

( a) . Poisons
Normally, the. most, cqmmonly occurring c.athodia reactants are 
hydrogen ions and. dissolved, oxygen (not... .so. .with.. Redox
reactions),

2H+ - + 2. e - ^ %  (3 ) (1)
Q̂ ldis).,..t 2HA.D..,+ ^  40H "" (2)

Poisons,. operate,. by prevent!tig. one. or, botii pf these reactions.

I|g* hydrazine .poisons reaction (.2.). by reacting with, the 
dissolved oxygen, h.efora it reaches... the. metal., surface.

H2Hv Hh %.0a --> 2 MQa + Z.K* + E20.
Arsenous oxide prevents, reaction {!) by. converting, hydrogen 

adsorbed, on. the, metal, surface, to, water 0
As a-O.3 + 6E(ads. ■) — 2„ A-S3-- ..+ 2 h^G«

1

jib) Ano.dio Protection0
Borne, metals have, stable and insoluble carrosion

products.,., If thesp products, coat the metal with a layer
impermeable . t o  the carrpding madia*, the metal, will, be

Cio)
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protected against, further,, effective. .corrosion.. .. this 
phenomena is, termed passivity.

Anodic, .prote.cti.op., induces this, state, of 
passivity ..(at cathodic protection-where, immunity is

)induced), .on: the. metal.... . .Ap electric; .current. is passed 
which brings the.met.ai to. its. passive,, zone*. .where
no, effective. ..current flows-  If the. passive, film, .breaks
dam* it must. be renewed vpry, qpickly*, otherwise. .severe 
pitting terrcLSion will. occur.

This method has, the, disadvantage, that, in some
cases, very, large, initial- .currents. need. to., be. passed, to

!

induce, passivity.
Cc) Metalhand. other., coatings.

Eetaiicaaatings.. .fali intq,. anodic, nr. cathodia, categortes •
(i.). Catho.dic. Metal C.Qatingp, . the. base* metal is, .coated 
with, a more, noble., metal, .teg- tin .or. chromium, ..plating) .

this., has. the disadvantage, that unless, the, 
coating, Is. 1Q.Q$L effective*, very, severe, pitting., will- take 
place.*..,,. Hence, the. .catholic?, .coating must, be., .uniform*, non- 
porous.*, and must not. be, subi-gated. to treatment likely to

v
cause, cracking, of, the. .coating.
(ii).. Anodic Metal .Coatings, r-r. In this, case, the., metal, is 
coated, with a., more, active, ..ir̂etal, te&s- -ZUs-.CQ.ated iron).-, ... . If 
a crack, appears, in. the coating*,, tha. coating, dissolves and 
no. pitting, results*

the: same, principles, apply., to, a'etallicrrbas ed
paints.



Apart from, chemical conversion coatings (eg*. .the 
metal;.. .aiida* ehromata. or. .phosphate,)..* the. most, common . 
coatin&a.;arê X̂aS;ttaâ  ,glaâ ; enamels..* hi.tonianŝ......to,,..vihlclL3 ay
be .added tiller a. such, as asbestos* grease* paint* etc,.

; these; coatings operate: simply:;interpesing .a latge 
resistance, .tea.., 10-̂  ohms), between the. anodic. and catholic 
sites, so., that no. current, flows*. , it also, excludes, water and 
oxygen from, the. metal surface*

(d) filming Inhibitors*, 
these inhibitors, form a, barrier*, isolating, the. metal, from. Its 
environment,. . Again, they fall into, two, types,,.- . anodic, and 
cathodic*
(i.|. Anodic. Inhibitors. these, inhibitors., de^activate the
active (.anodic) sites by producing a. passivating, oxide, film 
on the, metal .surface., where, cations., are, formed*.. .. fh.ese 
inhibitors, are, .gradually., used up ...and must be replenished, 
because, below, .a. certain, critical concentration of inhibitor, 
severe pitting will, take, place,,. Examples., of. this, .type are 
nitrite „and chromate ions,
(ii)- .Cathodic.. .■Inhibitors, this, type, relies, on, general 
coverage of the, me.tâ . surface., and stifling, the. reaction, at 
the, .cathode; ..... .Eg*.. liKi carbonate,, ion. ECQa, leads* to, the 
precipitation of. a, carbonate film,, under, .the. alkaline, cathode 
conditions.

Qa + 2Ha0. + 4e — 40H ~
H C Q ~  ,+  O H * - — J p O j ”  +  H a0

- - A. third smaller, class, of filming, inhibitors exists 
the mixed, type whose .action, is. both, anodic,, and cathodic

(12)



teg. ben&G,ate,ion) *
( e) Vapour-Bhasa. Inhibitors.

When the corrosive environment is, .atmospheric and 
not so amenable. to- soluble, inhibitors* air-borne, qx vapour- 
phase inhibitors, are, used-*- •* formally the.se. are. used* for 
protecting, metals, being, transported*. . they are. essentially 
soluble, filming, inhibitors, consisting, of, nitrite* benzo.ate9 
or, carbonate anions, attached to "parachutes,!*, of. a, suitable 
heavy organic cation.* . Tha inhibitor slowly evaporates, and 
protection is ..afforded from both, the, anion, and eaiipn.

Cf), Adsorption. Inhibitors *
These substances,* when added to the. corrodent, 

protect the metal by .adsorbing., on to, tha metal suhfaea^ . A 
large number of ..organic inhibitors- fall, into this, category 
and, the,, complete mechanism, of. protection, is. not yet, fully 
understood. It is with-, this, class of inhibitors that, this 
thesis, deals*

2\3>* The oris &PC. isms-- .of?■'1 hhibitii<§>$.*.-
W i W * l W ^ f i | P ^ w t l w * » i w W * ^ » g M i i m c M iw r M U M ;u n > iT r m T |r T n i jM>-m  i m »n -inip ii i !.■ n w v n n a n j  ■ h »j» «•'

,Inhibitors, of, acldie corrosion were known as. far 
back., as,, the middle^ages, (.9.).. when master, armourers, added 
organic, products, (.eg*, flour..̂ nd.y.east), to, acid to, remove 
scale, from, metal articles*. . Baldwin {10). took, out the,, first 
patent, .when, he,proposed., a mixture, of molasses., and., vegetable 
oil.as,.an,additive,, during, the, pickling, o.f. iron, .sheets,*, In 
18.72.Marangoni. and. Stephenelli, (.11.),. said that the, corrosion 
of,iron in,acid solutions, could he, reduced, by .addition*, of 
bran* glue. and,, gelatine, to tha, acid*

(13)



Af ter this time: there... have been many, reports ofi
compounds, which. act, in. a. similar way,,.. . The list, includes 
sulphides* ,su].phonldas*. silphadas*. snlphonic, acids* asters, 
amines*. .alcohols* aldehydes* .organic, bases*, .quinolines*., and 
thioureas.,., . these irhihitors: rangefrom, simple, structural 
ones, l-foririic. acid), to. the very .complex ones, Idextrosp)... 
Colloidal- inhibitors, .{egg. albumen*, tannin), .have also, .been 
reported.

As the, range, of, inhibitors, is so-. large* it is. not 
surprising- that no, single mechanism, has, been, postulated, for 
all .working inhibitors.

Putilova. et.al. (,9). {iistingnishad.between. the, types 
of inhibitors -
(1) Type A.,- those which, acted, at the, metal, surf ape o 
(itX Type.. those, which, affected, .the, media,*-. eg*, -sulphites 
deactivate the. corrodent}., by,, coxjxbining, with,, the... dissolved 
oxygen.

Type.. A., can, be. categorised still, further - 
a) Passivato-rs. these, act by, assisting., in... the. formation, of 
a protective, coating, leg, phosphates) „
(b) Xmnyunlsers..- these, usually, delay, the, onset of corrosion 
by acting, with, the corrodent, fn some. way.. . After being 
consumed*, corrosion, chn. occur,
( q) Adsorptidh Inhibitors- -. this, is, the, largest group .and. it 
i s. with-., this,- class, th&L this. .ijhteis .dessf s.

 These: three, prerequisites, of .an .slectro,chemical
corrosion,process are, a, conduction path*.H.a,.ppt.entp.al , 
difference*.. .and,.theavailabiIfiy of electrode, reactions, for

tlhl



carrying, charges- across. the. metal/solution. interface*,, (lZ.lJ)• 

So an, inhibitor- may, act, by increasing, the. true, ohmin resisiaphe 
or by. interf ering with the. electrochemical. reactions.

The first, adsorption theory .of inhibitor action was 
proposed .by, .Staleris,, and Luqg 4JL4), after, studying, organic 
inhibitora ieĝ . amines.), in EG1 and.,.Ĥ S.Ô  . They.. saiit that, 
at constant, temperature^ the. pr.qt.&Gtive* power, jfe) reaemb).ed
the. adso rp tion , iso therm ,

-  ^  r,kz. *” a.,G »

where, G,..̂ conoentration of. the, inhibitor, in.. the ...acid
a and.b are.constants.

This .could not*, hqwayer* eiplaijr why. certain. inhiidJbora. oply 
operate.,, within certain, limits,, ,yL5̂ -l6) •

Kreutzf eld, and . Vafp.eri maintained, that, inhibitors
formed,, a continuous adsorbed in s u la tin g  la y e r  ,on  the m etal

surface.,. Schunh.eri*41,7) OQnclpded̂ ..,fromv-his..,studies,. of 
lyophidic, colloids.̂ ., that adsorption, took, place on, .the .anodic 
regions, of, the metal.,, retarding, the, transfer, of metal ions 
to the .solution.

Hackermqn ,ef al (iŜ lg) conceded... that,.organic 
inhibitors, are, effective by virtue, of their, attachment., to, the
metal, surf ace, adhering either, by physical... or. .by chemisorptipn.
In. .the. case, of physical, adsorption^, the .inhibiting, - .effect s 
,would, result .from the decreased ability of/the. coxrosiYe.medium
tq reach the. metal, surface,. This may, show, iis.@lf~.as, an
increase.in, film, resistance^ .hydrogen ,oY,e.r.YQltag.a5.. or a

. . . . .  4. - .

d ifJ ‘usiQ n ,conteo lli,n .g r ,si;.ep .̂. Bp.®-.diemi,s.o,T?JSsa.d. sjxacias, .would

: (15)



access of
.also: Impede^tha. .coxxas&Ye media*. hut. also decrease,, the 
tendency of the metal. Ion., to. leave the. metal .surface. (.20) * 
They also- pEQ.pas.scL that the. non^polar, mo.le.G.ul.eS- can, be 
included ..in the,- composition, .of. the adsorbed, layer.* .producing 
a.more complete,, coating on the. metal,.surf.ace- ..This, could 
explain, the. enhanced, pratactive .power of., technical. inhibitors 
over the same, chemically: .pure, inhibitors (.21) •

Chappell*. .Roethelî.. and McCarthy. (22) after
studying, the effect, of, quinplina-, eihio.dida. on,., the,, cathodic 
and .anodic, ..polarisation of iron and. steel, in,X 
concluded- that the, action..of the,, inhibitor,, was, cathodic.
The . essential. features, of. this, cathacLia theory (.2$* 24) were 
that,, organic:, inhibitors .are., capable, of ...forming onium ipns 
and...so,..exist in the.,ac.id-medi*^as- cations! .Th.esn are 
cathodically .adsorbed by el.eetro.st.atlc, attraction** .and, form
a,. J*blaakaf !i on the cathodic., areas,... The. adsorption..takes
place, in ..such,.a...way. that,, the..nitrogen, atom; is,.directly
attached,, to the .metal. surface--  The. resulting-,inhibitor
film, prevents.., hydrogen, ions., from reaching*, the., surface, without 
actually*. changing:, the metal. surfa-ca*.. Various. degrees of 
inhibition ...are. obtained, depqndipgon the. extent of 
adsorption,: the .closeness of packingr.o.f. the,,..adsorbed,film, 
and the.:.crosses,e.,c.tiQnal̂  areq, of... the. molecule.*.. .Evans,,.,(12) 
supporting, .the .cathodic. theqry,. considered, the, protective 
action of .colloid, inhibitors,, to... depend- on., tha:,screening-, of 
cathodic, sites... by. positively, charged, inhibitor particles,,
Jt&ny colloidal particles become positively, .charged in, acid 
solution but negatively charged in alkaline solutions.



Hence inhibition.occurs pr.@dominantly, in. acid, solutions.
However*, they did not, find. that, the* increase in. hydrogen 
overvoltage* increase in potential of the metal, and . 
retardation- of. th$, metal .diasalufiam .were, .proportional to 
each. ..other.

However* Mann. (25) stated, that organic, inhibitors 
operated simply by imposing.. a.l,arg.q, ohmic. .resistance, at. the 
metal. inter face*. Results on. the, measuring of film
resistances, are very conflicting- Machu. (26) found, a direct
relation between, film, resistance and inhibition* maintaining 
that when the. film resistance reaches a value of. 5 ohms, 
maximum .efficiency was obtained regardless of inhibitor 
coneentratlan,. Rhodes and, Huhn. (.27)- also,. postul.at.ed ..that 

gbrmatian of: .a film- at the catbadic ..sites increased/.cell 
resistance and so, .provided, protection.. ....Eockris and Gomway (28) 
found negligible., film, resistance and, concluded, that Machu1 s 
explanation, bf inhibition.. S. highly Improbable.

There, are. several., obiectlans to: the simple cathodic 
theory.. Hoar. (.29) and Means .(50) stated, that the polarization 
measurements*.. on/which, the, cathodic theory was. based* involved 
quite, high,ourrexit.-densities.: .and .were.,, therefore* not relevant 
to., the. conditions found in..corrosion^ In. 191,4 .Mazzuchelli ,(51) 
found that compounds, of the quinine and. quinoline, type, 
increased., both, the..,anodic, .and., euthodlc polarizations.
Oavallaro (52) stated, that,, at low, current densities., a number 
of.inhibitors, affected. both, the-,anodic, and., cathadic reactions. 
Putilova et al (9) said that all organic inhibitors without 
exc.epti.on. act as polarizers, .of the anodic process Jfcb a

(17)



g,pqa.ter .extent than. the. cathodic. one*, and that no direct 
relationship between effectiveness of inhibitors and the., rise 
in hydrogen, overpotential had been found.,. Makrides. and 
Hackermau (35) showed, .that, inhibitors .operated under .strongly 
oxidising .conditions and so the mechanism of .inhibition 
could not be. connected, with the tpoi.soning’J of the hydrogen 
deposition reaction,. .The addition of most inhibitors causes 
the rest, potential to. move more noble (34)-. Hoar and 
Hackerman. explained .this on the basis of predominantly anodic 
polarization* stating that it. is very difficult to explain 
on the cathadi.c theory of inhibition.. Also the cathodic 
theory does -not explain why .certain inhibitors, are specific 
in their use « .eg* potassium, thio.cyanate. inhibits, the 
corrosion, .of aluminium .and iron* but. stimulates, the corrosion
of cadmium, .and sine- By modifying the original, .cathodic
theory* Bockris. (35) and Fischer (36) were able to explain 
th? specificity., .of inhibitors*, but they .were still .unable to 
explain .the. ennoblement of thq rest potential-. Most 
<mppqrtera .of. the. aathodic theory gradually ..came aver to an 
adsorption theory.

The adsqrptioii theory,* proposed by .Kuznetsov and 
i 3bfa (36) * is based on the addition of positively charged 
ions.,.to a corrosive madia leads ,to, a retardation .of the 
cathodic .and anodic .processes when adso.r.p.ed: ..but the
introduction of. negatively charged par tides accelerates

\them. There .are ..a large number ,of exceptions. to that
statement, r- .eg, anions of many organic acids are inhi.bi.tors

(18)



in neutral. ..solutions. putllQva .et al (9) stated that the 
protection o.f metals was due to the formation of a layer of 
products : of the. inhibitor*, the metal s.* and .the ions of .the 
corrosive medium.

Hackerman at al (13*58. - 42) and Hoar (.43) have 
tended to support the theory of Rhoden* Kuhn* . and Maphu 
that the adsorption was .general over the metal surface*
Whereas. Rhodes*, Kuhti?., and.Machu. regarded it to he mainly 
chemisorption in. nature*, quoting the relatively high heats 
of adsorption and specificity of adsorption to support this (38). 
The chemisorption ( and. therefore anodic polarisation) was 
assumed to be far greater than . the. physical adsorption (and 
hence cathodic polarization) . The mechanism of bonding is 
that, a link, Is formed by the .donation of electrons by -. the • 
"bonding atom11 of the inhibitor molecule to. the d̂. shell of 
the electronic orbit of the metal* The. chief .evidence of
this comfc&g from the effect of structure on inhibitor

*efficiency ,(44).
Frumkin (45) > Antropov (46) * Brasher ..(47) s and 

De (48) have all .suggested tha^ adsorption* and hence 
inhibition* Is influenced by the- potential of the, metal in 
its, environment.*, This., theory involves the charge of the 
matal surface rather:. than, the potentials of the half .cells,

When a. metal, .is in. equilibrium in a solution there 
is. a potential difference between the metal and the solution* 
Helmholtz .suggested that this is due to two parallel layers 
of charged particles, acting as a condenser* The. potential/ 
distance relationship, is shown in Fig, 6, As the capacitance
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varied with .electrolyte and potential diffaranao,- this 
theory was not Wholly satisfactory . .

Qouy and Chapman proposed that every ion. in 
solution attracted an lan of apposite charge* and so the 
resultant diffusa layer was an eduilihrlum between 'the 
electric field of the electrode and tha thermal kinetic 
forces of. the Solution, This theory, however.,, did hot 
agree with practical observations of potential and 
capacitance.

Stern then postulated that the interlace could- be 
treated as two series cap.acit.ors the Helmholtz double 
layer and a diffuse, layer.

As the Stern model is not wholly satisfactory, 
Grahams (4$) proposed an extension, .of the. ..Stem model . 
Although, both anions and cations can be. adsorbed by forces 
lother than ̂ Isctrical jfogs %m der Waals or -chdhtcal) anions

are. lass, strongly hydrated.. He. claimed, that the non­
electrical farces, are. phiefly operative for [anions .which 
become adsorbed with loss of their hydration shells,*. The 
Stern layer, is then composed of two parts ..- .a. relatively 
thin surfaef; iayrer of strong^ adsb^ed anions terhase centres 
af charge lie, in. a plana. -C-ipnar Helmholta layer).., and a 
Stern, layer .(outer Helmholtz layer), of hydrated counterions 
whose. centres of charge, lie, in. a, plane and wbd&e pharg§ is 
given by the. Stern, theory.*. Electra^chemical jreaationŝ  pt 
the: metal interface. are affected by the. distribution, of 
charge,,* potential,, and capacity of interface. , .

(20)



Fr.unikin (,45) introducing his concept of zero- 
charge potential, .supposed that the ionic. adsorption ̂ depended 
on the sign and magnitude of the. surface charge at. the metal/ 
solution interface,. Under corrosion conditions if the metal 
surface is negatively .charged, the adsorption of cations is 
most prohahle and vice, versa. Adsorption of both anions and 
cations is possible when the charge on the metal is zero or 
very small..., The sign of the surface charge is given by -

= E0. - Eq~o .
where. K0 .== potential under corrosion conditions.

Eq.-o . = potential under the absence, of any 
charge.. .Eq^o is the zeror-.qharge potential of the. metal. 
Both potentials must be measured on the. same, relative, seale.

Charges of similar polarity in the Helmholtz double 
layer tend to oppose the attractive forces,, causing surface 
tension. A change in potential at the metal/solution 
interface causes a change of surface tension, and when there 
i.s no charge on the Helmholtz double layer, the surface 
tension is a maximum.. The zero-charge potential is the 
potential at which, this Occurs.

Antropov (46.), saying that all metals behave in 
the same manner ht the same .̂ -potential, claimed that if the 
electro-capillary .properties of a substance are found- for 
one metal (for convenience, mercury',) it is possible to 
estimate the adsorption of the same substance on another 
metal provided the potential of that metal on the.̂ .-seale 
is. known, Fig. / shows the electrocapillary properties of

(21)
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mercury.* Strongly ads.or.ped. anions, depress the positive branch 
of the curve while .strongly adsorped cations depress the 
negative branch,

Antropov (50)0 said that, in corrosion protection, 
the change, in, structure, of the electrical double layer due to 
the inhibitor is as important as. the effect of a purely . 
mechanical, coverage of the metal surface by the inhibitor 
particles.

The electrocapillary curves for solid metals are 
mo,re difficult to. obtain* The usual methods are to study the 
contact angles of gas bubbles on the metal, surface and also 
differential capacitance measurements., Brasher (4?), using 
the.sa; techniques said that inhibition both in acid and neutral 
solutions was initiated by adsorption and that the potential 
of the metal on the. ̂  -..scale was the. criterion as to whether 
adsorption is possible.

This theory is not without its opponents,, Pandey 
and Saryal (51). do not consider it useful for inhibition 
evaluation,,, although' z£Ler zykowska. (52) .believes- the theory 
a useful one.

Gatos (53) introduced a polaro,graphic method for 
evaluating inhibitor efficiency,., He determined, the. current/ 
potential, relationship for the metal anode and a;: dropping 
mercury cathode-. As the potential increased, the current 
increased, reached a. maximum, and then dropped to a limiting 
current value., Gatos said that inhibitor efficiency was 
related to the peak obtained.. the greater the depression 
of the peak the more efficient the inhibitor.
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Mora recently, Arin and Din. (54) used, the reaction 
number, (,R.,1\L,) to determine, inhibitor efficiency,., A metal 
of specific area is. dropped into a definite volume, of fiCI 
and the, variation of temperature with. time, noted-, Then,

R » t  TlWV• h * ~ 7—;-r-̂r----- !—■
where Tmax .and Tint. = maximum, and initial, temperatures, of

the solution, 
t = time taken to. -reach Tmax.

A high EL1L value, constitutes, an easily corroding metal. 
By, adding: inhibitor, to the acid., .its. .efficiency ..as an 
irhibitor. may be worked, out * . They said/ that weakly
adsorbed inhibitors increased the. time factor.,, while 
strongly adsorbed inhibitors., progressively decreased Tmax.

Adsorption, whether it is. electrostatic*, .specific 
or chemical,, of the, inhibitor o.h ta. the meint surface, is 
the primary conditiori. fo.r. metal protection (55), although 
various mechanisms depehding. on., the metal, conditions and, 
the environmental .conditions have, been observed.

- Fo.roulis (56) working with amines, on the corrosion 
of . iron, copper, nickel, and,, copper./nickel .alloys, concluded 
that, corrosion depended ..on the. metal,, acid anion and. the 
nature of the anidn, in solution,. *■. He also, postulated that 
the. adsorption, of the. amipe 'i.s in the 'cationic form, as 
opposed to. the’ free amine form.*, .Balezin .(57) stated that 
inhibition r.e,suited from adsorption, and subsequent, chemi­
sorption, of the inhibitor on the metal surface,but the 
formation of the, protective film depended on the 
concentrations, of the inhibitor, oxygen, andokide film-*



Snyder (58), when working, with, substituted 
pyri dines., anilines., and pyrroles.,, determined a. small 
positive., charge on the adsorbed nitrogen atom- This 
supported th^feeompiex theory of Kl.emm. who po.stulat.ed. that 
the nitrogen, atom acts as an, anchoring, group with, the' 
remainder of the adsorb at a attached loosely, to., the metal 
surface- Interaction between, the. nitrogen, atom, and. the 
metal, resulted, from. a., charge, transfer complex, formation
involving the nitrogen! s n-electrons* i.ao. (59) confirmed
these findings, and added, that, .on, adsorption,, .a hydrophobic 
surface film was. formed, on the metal with the hydrocarbon 
chains, randomly orientated., Roebuck and. Pritchett said
that adsorption occurs at the cathodic sites via the .- ■*

nitrogen atom by a polar linkage (.6.0) a
. Duwell, Todd, and B.utske (61)., studying 

acetyl,enic. alcohols as. acid inhibitors,, .concluded that the 
initial, adsorption step, was through the electron-ri ch • 
aeetylenic linkage, to form, a n-“bond.

SMur.aka.ws and H&ckarman (62) studied, the adsorption 
of organics in the, acidic corrosion of iron... .The. efficiency 
of the inhibitors., was. greatly influenced by the. anion 
previously adsorbed on the iron* Adsorption w.as not always 
directly onto, the metal, but via an already adsorbed ion, 
Hackerman and. Suavely (63) found, that the, synergistic, effects 
of anions and. organic, cations is, greater than, could be 
expected by a simple shift in potential by anion, adsorption. 
This, was attributed to the stabilisation of the adsorbed . 
anion layer by organic cations, possibly by co*~valent bonding.



Molecular .structure of the organic, compounds play a, dominant 
role in the degree of enhancement of the inhibitor by the 
foreign anion with the greatest enhancement coming when, the 
anion and organic cation show a tendency to electronr-pair 
bonding* ... lof a (64), studying the, influence, of anions, 
found that organic cations were poorly adsorbed on to- cobalt 
and .were therefore ineffective, inhibitors*, . In the, presence 
of foreign anions their adsorption increased* . .A. similar 
effect was. found, with, iron (.65). These observations, were 
attributed to, the formation, of a metal^anion dipole*, the 
negative sign of which acted as an. adsorption, site, for the 
organic, cationic Inhibitor*’

Fujii. and Kobayashi (66).., studying mer cap tons, 
said. that, corrosion, inhibition occurred, in, two. steps ■=- .the 
dehydration of the metal surface by hydrogen bridging and 
then the., adsorption on. the metal surface-. . The . filming 
properties of the mercaptans are improved when used in 
conjunction with strongly elactron^dohating substances .(.esters 
or alcohols)*

Barratt (66)̂  studying corrosion inhibit iea.with 
radioactive amine s,howdd that inhibitor, films .are. not 
static like protective coatings,. The density of the film 
changes and wactiv.ei.t areas move* causing ,a redistribution 
of inhibitor., .Over-treatment with inhibitor can result in 
the formation of a. film capable of holding water in ,a tight 
xemxk&loxL*.. \S,uch a film would offer little., or ho, protection 
to the metal substrate.



, ,  (04) Elementary;,Hydrddyiî mio Theory»

.. When a fluid flows, through a tube, or over a 
surface,., the. pattern of flaw will vary with velocity, 
physical properties of the, fluid, and the geometry ,of the' 
surface* This flow was first examined by Reynolds (£7) *
He studied the behaviour* of an aniline dye injected intp a 
glass tube through which he controlled the water flow*. At 
low flow rates,, the dye remained, at the axis of the, tube, 
indicating that flow consisted of independent parallel 
streams.. As the flow increased, instabilities began, to 
form in the. dye stream and at high flow; rates the dye 
stream broke, up. and mixed with the. bulk of the water,,, The 
rate of this, mixing increased with, increasing the .flow*

The point at which mixing commenced was dependant 
on. the velocity of flow (V)* the pipe diameter, (d)., the, fluid 
density (p), and. the fluid viscosity The critical
velocity was predictable by the dimensionl.eas. group. vt̂ O. , 
known as Reynoldls Number (,Re) o The lowest critical velocity 
where instability of the dye commenced corresponded to 
Re = 2,000 and the upper critical, velocity where mixing, was 
general corresponded to Re, = 2*500,. Below Be. := 2*£0O* the
water flow was said to be' laminar ar streamline, (ie* there is 

; no bulk motion of fluid perpendicular to, the pipe axis) 
whereas above .Re,=? 5*000, eddy, currents, were responsible for 
the transverse, motion of the. wafer and a state of turbulence 
existed.*., Reynolds defined turbulence as. a random, sinupus 
fluid motion^ but. . .Hinza (.6.8.) thought ,a. more precise



definition was Jf.an irregular condition of fluid in which 
the various quantities show a random variation with, time, and 
space coordinates* so that statistically distinct average 
values can. he, discerned”.

Above the critical velocity Reynolds found, that 
there were two types of flow:
(1) Water enters the tube smoothly and free from eddies.
(?) Water enters the tube in. a state, of violent motion.
In the first, case* flow was smooth for some distance before 
turbulence set: in.. . In the second case, the violent motion 
died dawn to give, either fully developed turbulent flow or 
laminar flow. .. .

Hins.e (68) explained this by. ttye. existence o£ two 
forms of turb.ul.ence s -
(i) Wall Turbulence, - generated and continuously affected by 
the tube walls.
(ii) Free Turbulence.. - turbulence in the absence of walls.
A term. ”p.seudor-turbulence. is also used*. . .This refers to the 
hypothetical, case of flow with regular pattern that, shows 
a distinct, constant periodicity, in tiirfe and apace.

Typical velocity profiles, for laminar and turbulent 
flow are given by Fig.. 8.
JlMftdaiv

When a fluid flows, aver a solid surface* a
velocity profile, is set up perpendicular to the .direction of
flow due to the.'YlscGUS5 drag of. the . liquid. The fluid,, in
contact with the. surface, will be. at rest* otherwise, the
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velocity gradient, and shear., stress at the. surface, .would he 
infinite... The. thickness, of. the..boundary layer will..be a 
function of distancafrdm. the. leading,, edge,,. being, aero,, at, the 
leading, edge , and ..increasing., as, distance, from, the, lea.ding.,edge 
increases.

-a*. certain, critical. .boundary layer thickness,. the
flow., changes, from., laminar, .to, turbulent.  Prandtl (69)
postulated, that ip, fully. developed turbulent, flow,. the 
velonity of the fluid, adducent to- the, wait, he- zero, and . laiflinar 
in nature... This, layer will, be. extremely, thin and termed the
laminar sublayer,  Above, this., layer was, a, transition region
beyond which, the, flow, was fully, turbulent.,,, This, transition 
region, is, termed the, buffer layer ,(J?ig#$L-) *

Nikuradse(132) carried. out experiments.- in.non^nirqular 
tubes .. The, main .difference, between, circular, and. mn^.circular
tubes was, that, thq, iso.tq.chs (.lines, of, equal velocity-)., did- .not
 become: round- -when -passing in from' the boundarŷ , but. ..under the
influence, of the, tube .wqll*.. had peaks, extending into- the 
corners... ,. .Brandt! explained these:- ̂.••Intiroduci-ng,' fhe.±dea of 
secondary, motion at, the corners, in, an inward, direction .alpng 
the. bisector,o£, the, angle, and outwards, .along, the wall*, This 
causes, the, flow to. be..three- dimensional and the secondary 
flow, increases, -thq spaed at., the, corners, .

In. calculating., the ..Reynolds, Number for. .non^circular 
ducts,., the. diameter, term is, replaced by . the,,hydraullc..mean 
diameter . (dm) which is defined...as -

m
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dm f 4v. Gross&dtitQna:I'...ar0a‘.. wetted, p.efimeidt’.
For a square^s ided. duct, . dm. becomes, equal, to. the., length, of
side of. the duct. (7p) •

During, electroly te ..flow ..past a .metal, .surface,, .which 
is dissolving,- there, exists near, the surface .a regiph in which 
the .concentration of. reacting, speei,eg-..is. ..different...from that 
in the bulk . of . saluti on,*..... This .region, la caI|Llai the. mass
transfer .boundary, layer (Fig*,. 10,),*, Within,, thi.a.;hiQUhdary
layer almost all the coneehtr.ation changes from, the surface 
to the bulk- valueq bakes place*. With, increase in distance 
from the leading , qdge. of the metal. surface* the, thickness of 
the mass transfer - boundary lay er incrqa s es.. due .to, ions 
diffusing from ,thq,..electrolyte adjacent to, the, surlaceu. ... So 
the,, thickness., increases,, from...zero,,at, the., leading, qdga_tQ,„uomoj

i  "

constant value" son̂ e way down, the metal: surface.

It has. been, known for a., long time that the relative 
motion of a. fluid- over a metal, surface modifies the corrosion 
of. that surface, C71) • A little motion .could, make, attack 
more uniform by. ..eliminating differential aeration, .and., metal 
ion concentration. cell,s,.r , Generally,, electroly.te motion 
increases, the total, weight loss, by supplying, the eorroaives 
at a faster- rate. and. alqo, thinning the quiescent layers at 
the metal .surface.(J.,makibg- it, easier for corrosives to. reach 
' the metal,. , Alternatively high, velocities ,may .changa the 
character is tic s of the. corrosion, products, and. greater
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protection, could, be afforded... With certain .alloys, increased 
oxy gen supply may induce pasni.vi.ty or .increase the .supply ■ of 
inhibitor. tora. dead space* ..So theopposite effects nan, be 
seen, with increased velocity,

When the velocities .become very high* erosion, can
occur and break dqwn any passive film. on. ..the. metal•

' !
However, although contradictions ..are, known, 

corrosion is. increased with increased, velocity which 
primarily influences the diffusion. .phenomena* .having,, little 
effect on the activation .controlled processes.. (72) .

Heyn. and. Bauer. C73) > studying .the. corrolsion of 
iron in,water, found, thqt the, corrosion rate increased 
rapidly with incrqasing, velocity,, reaching. q:maximnjjt at 
0.0043 ft •/sec. Subsequent .increase in, velocity .caused a. 
decrease in carrosion . As, the. tests were harried ;put
by suspending, iron in beakers and. passing, water -over them, 
the actual velocities determined, .would be uncertain, due., to 
convection, currents and turbulence, set- up,. Friend, (74) 
found, similar results vdxen he suspended iron, foil in. glass 
tubes, but he, obtained, 4 . maximum.at 0.15 ft ./sec.; a 
maximum at ,2....5 ft./sec*., and. any increase after that caused 
a slight increase, in. carrosion rate*. . He,, also, stated that., in

Xacid, corrosion, the corrosion, rate was always proportional 
to the velocity of the acid flowing over the surface.

Speller and Kendall 475) > using the* principle 
that corrosion is. directly proportional to the dissolved 
oxygen concentration,, studied, the eff ect of velocity in 
steel pipes,,..in the. .rangq ,0^0045™ , 8,J1.£t*/sac*4r In.the
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range. .O-GQAJ — 0 .10 ft ./sec. corrosion falls, within, .the very 
low velocity range of the pipe. and. shows., a. considerable

*increase with increase, in.. velocity... Corrosion, in .the 
range. OuIQ-— -8.0 ft./sec. increases rapidly through a 
critical velocity and, then, more gradually,, finally, reaching
a maximum*, ..Apart, from the main., cathodic. reaction,., they
  •• •• \

stated that, oxygen, was, ..consumed, at. the, metal, surf ace; in,, two 
ways - (a) By depolarising, the,, film, of. hydrogen. :

(h). By, oxidising to., Fe'1'**.
An, increase in. velocity brought, oxygen, into, more intimate 
contact with the. metal surface.

Russell,, Chappell,, and. White, (76) found, that, the 
corrosion of. steel, in.. water, increased with, increasing, velocity 
over., the. range, used. (0 - 9 ft./ s e c . . , ) . By suitably .altering 
the surface condition, of the steel (eg, polished, surface, 
rust-coated surface), they found, it possible,, to. reproduce, the
apparently conflicting results, of. Heyn and. Bauer, and friend. •

Roetheli and Brown . (77) using, rotational velocities, 
studied the corrosion rates, of. steel, in water*. ,, . A% the 
rotational speed was increased,, the. corrosion, rate, increased 
to a maximum, decreased to. a low value., and. increased to a 
somewhat higher, value at higher, velocities,*,,. This, maximum 
•was. explained in. terms, of two, opposing, tendencies -

(a) The accelerated transfer of oxygen due. to. a. reduction 
of liquid film,, thickness.

* (b) The. increased, rate of formation, .of. ferric,, hydroxide.
At, higher, velocities., the. corrosion rate, increases,, as,, due,, to

(31)
')



erosion, the, ferric hydroxide layer. .becomes;.
They also concluded, that turbulence, which, is. a function of 
velocity., vessel shape, and liquid .prpparhieŝ  had a ...marked 
effect on the corrosion. product and ,the-ip..efara;hii,';iha: ;coxros:ion- 
rate,.< Wilson, (78) thought that velocity was: .Important in 
determining, the, thickness of the. film, through, which oxygen 
must diffuse, in. the CGrxasion. process.

WarmwelL (JIM, 80) studied tha effect of rotating 
cylindrical steel specimen̂ . oh the corrosion rates,in.: sea*-,.water
and other, saline, solutions * Results showed, that,, at, high
rotational speeds., pro taction of the, steel was due. to a, film
formed, on, the metal surf ace. by an increased supply, of. ox^gpn. 
Hatch, .and. .Rice (81) also showed that the effect, of increasing 
velocity was to change the oxygen concentration,gradient near 
to the. metal surface.

Romeo, et al (82) studied the effect of metal 
corrosion, from the hydrqdynamical aspect and concluded .that;
(a) Velocity alone was not. a. basid for corrosion,, testing 
results under, hydraulically different,, conditions.
(b) The nature of the. corrpsive medium could, produce .different
effects on changing, velocities  ̂. this. was. attributed, fpu the
changing, solubilities, of, metallic, salts at different
levels.
(o) When .a. corrosion product, layer, was formed, the, reactions 
leading to continued corroaion,would, take, place, within.the 
layer where conditions, would be very, different from those, in 
the bulk: flow. The, transfer of chemicals would he accomplished
mainly, by diffusion. (32) ;



(d) Velocity and. pipe .size affected, the. cor rosion rate by 
altering the, supply of oxygen and. other chemicals in .the. water.
(e) Four phases, existed in the corrosion process -

(i) Anodic, and., cathodic, areas would, form.. As. there, was not 
yet any corrosion product formed, increased velQcitŷ ,would 
generally increase .corrosion,rate.
(ii) Anodic and. cathodic sites, increase, in, size,.and number 
and protective layers would, form.. Cor.rosion would: follow 
some complex law^ .involving ph. ...and. velocity..
(iii) Carrosion product layer was extended uniformly, over the 
metal, surface,
(iv) Corrosion proceeds. at an almost uniform slow rate., as 
long as there is. no change in environmental.conditions♦
(f) By assuming that an increased supply of oxygen increases 
the .corrosion, rate and that corro sion. products; on. the. metal 
are, not. impermeable* the. following, could, he deduced -

(i) In turbulent flow in. rough pipes., Eleynolds...Humber. was 
not a criterion of similarity ip corrosion processes ♦

(ii). In, laminar flow in rough pipes* .cor.rps.ion .would
\

increase with turbulence.
(iil). ,In. turbulent flow in, smooth pipes and. the, same.,,Re, 

the corrosion rate would be. proportional ,to..:<thaifirst power 
of the velocity| with the same velocity, the; corrosion would 
by inversely proportional to the, diameter, raised to; the, 0*125 
power, and, with, the same diameter the. corrosion rata wp.pld 
be proportional, to the velocity raised, to, the 0*875 power• 

Putilova . et al (9) claimed that, the . suggestion 
made, by Whitman,(.8J.), regarding the. influence Of the: rate
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of access of oxygen to the metal .surface., was umceaptahle 
since, the minimum*. showing, corrosion as . a. function, of 
rotational speed, is. ..also, ohs.erv.ed. in experiments carried
out. in. solutions,, containing no. oxygen.

\(they also clajped that, data obtained from 
experiments, with cylindrical .samples, rotating in the 
corrosive media cannot he considered, as modelling the 
influence, of , flow rate on the corrosion .process* Ross and 
.Hftchen .(.8,4), and Ro.ss. and Jones (85) have also stressed 
this point. , When a sample, rotates, the rate of corrosion 
is influenced., .not. only by the motion of .the liquid., ,but 
also by the properties w h ic h ,  are specifically associated 
with rotary motion.. Rotating the samples, causes 
depolarization .of the anodic, process and, conversely an 
increase in polarization, of the cathodic process.

Makridas ..and. Stern .(86) used rotating, iron . 
cylinders, to study the effect of speed on the,, diffusion 
rate of Fe++ to the ,ca,thadic .areas: ,cn the .specimens^ ...... they
claimed that the diffusion of Fe*++ could, be related, to 
velocity and that the rest potential of the specimen was 
unaffected by the speed of rotation in hydrogen saturated 
solutions.

Ross, and ELtchen (84) investigated the effect of 
flow of water, on the, electrochemical behaviour;iof:tubular 
couples of iron/copper, carbon/copper* and copper tubes, of 
different diameter*,. With water flowing, through, the, cell 
continuously the polarization curves were, constructed for 
various flow rates and., oxygen, conaentratiops.



With the. iron/copper couple*, the. iron .was 
unaffected by flower ate* but the copper cathode, was. made 
more, noble and less., polarised, by increased: flow.
At Re  ~ 400.0* the, oxygen, content of the circulating, water
was allowed to become gradually .exhausted* The. corrosion
rate, dropped with decreasing oxygon, content*.- but the 
distinction between, iron anode and copper, cathode persisted.

In the Qarbon/cQpper couple*, the .anodic processes 
on the, copper, surface were increased by increasing, the 
water flow, in... the laminar region.. .. Under laminar flow the 
copper anode, potential becomes less, .positive and, less 
polari^iC but. in turbulent flow the, anode, becomes ennobled 
althptigh depolarization continued. , ,.

Experiments with, copper tubes, of different diameters 
showed that) anodic, .control was exerted, whenever, the flow 
pattern was the same, in both tubes. When laminar, flow 
existed in, the larger, tuba and turbulent,, flow , in the, smaller 
tube., the. smaller, one becomes, cathodic to, the,larger one.
This, is., due. to,, the change, in, polarization. characteristics of 
the copper anode in changing from laminar to turbulent flow.

The results, show the importance of. fluid velocity 
in its. effect on the cathodia processes.. It is,, fairly, clear 
that this is. due to the . degree, of availability of. oxygen., at 
the,..metal .surface* This..is...given by -
(a,> Laminar Flow.

Nu = £ 4 ^&L,where, hu- the .number of. molecules.of, .oxygen across a 
boundary layer of unit. area.In,..unit:; .time.



D = diffusivity of oxygen.
AC = mean difference. in. oxygen, .concentration

between, the bulk solution and. catholic, equilibrium.
<Sl =* mean thickness. of boundary, layer.

Cb) Turbulent. Plow*
The. diffusions! .transfer.., under, these, conditions, 

is helped by eddy diffusion (#) of the bulk, solution, .so. tho
total .diffusivity is. written, as ID + E)..*. lhe..above,., equal ion
becomes. ~ UT = (H *, ;El A  Cv.

S tthis r^rasants the. transfer, of. oxygen to. the. cathode, surface 
in the. turbulent, region.

If it is assumed, that, oxygen, i,s. consumed, at. the 
cathode by a. rapid, and irreversible, reaction, A  C approaches 
the bulk, concentratidii. unless the. boundary layer is, very thin. 
With this except ion, th.d c it ho die, depolarization. rate is 
inversely proportional to. boundary, layer thickness, which itself 
is dependent on Re;. Under, laminar flow <5^1 s. large .
Xideally it approaches the tube, radius)., .and. .the cathodic 
depolarization is. flow, dependent.. . Under...turbulent flow* as 
J^is very much less thanS^, the boundary layer is a less 
important barrier and, the. concentration difference*AC* may 
be less than. the. bulk...concentration.. Both, S t Uhd AC 
decrease, with increasing Ele and, oathQ.dio. depolarization may 
be relatively insensitive to. Re.

The. stability of the. iron anode... was, explained by 
the rate, of formation, of Fe*^ . at the iron surface always 
equalling* or exceeding* the* rate of transportation by 
diffusion* or tur.b.ulencq*. away from, the surface,* .As copper



provided Iona at, a lower rate* the copper anode is sensitive 
to flow, rate. The. ennobling, effect of the, copper under 
turbulent conditions was said, to, be. due to, a, passivating effect 
of oxygen* transferred to the surface at an. increased rate,.,

Ross and Jones (8.5) concluded, that*,, in. the base, of
* &

corrosion of steel in Ĥ SQ/p the effect of increased velocity 
was to depolarize, both, the anodic, and. catholic. reactions*, the
letter to a greater extent. Oxygen diffusion largely .causes
the cathodic depolarization. . They also, found, a certain 
velocity when the, corrosion rate .was the. same as in static 
conditions.

; Donat (9) investigated the corrosion of steel tubes 
in cone,., HaSÔ  and found that corrosion rate and velocity 
were related by -

= 0.0026 Re°*f
where. = corrosion rate, in g/m?hr.

Balezin. .and. Orlova , (9) > working, with mild steel in 
H^SO^* concluded that, the concentration of the acid, has. no 
effect on. the corrosion rate, at high velocities.. . For..normal 

the relation, between corrosion rate, and velocity was - 
C = a + bV°’8 

where, C . = corrosion rate
V = velocqty.
a and, b are, constants.

Venzcel, Knutsson* and Wranglen ,(8.7) measured.: the
corrosion, rate, of copper in .flowing salt,.solution*,. At very
high ,Re* the. corrosion of copper .was, virtually independent., of
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, flow velocity tide., mass, transfer .pr.o ce ss.es .being, so. rapid 
that the. .ratê .determining step, is, the. ionisation, of the 
metal, At law .velocities*, .the corrosion. rate Is. limited 
by the. rate of removal, of corrosion, products from, the metal 
surface., provided that, the supply of. oxygen. is... large, and. not 
rate determining.

BuJtiier. and, Stmud, .(.88) also, worked .with, .salt 
solution and mild steel tubes and found, that corrosion rate
.follo.w.ed  k Kc. Va
where k. . = . . corrosion .rate 

V = velo ci ty *
For laminar flow,.A. ̂ 0.33 .and,, fo..r turbulent, flow
a = Q.,9 - 1*0.

Foroulis. and, Uhlig. .(S.9) studied the, corrosion .rate 
of. steel in .0.35 h.HgSĈ a.t speeds up. to.. 4Q0Q,,,rpiiL.-(..3..5m/s.eâ). 
Iheir. results,, similar, to, the. earlier, cor.respending.ones, 
were explained, by .an, initial inhibiting effect of oxygen, on 
the corrosion, rate.. Polarisation, measurements .confirmed that 
sn̂ all amounts of oxygen increased .the .anodic .polarization,' 
probably by adsorption an. to the. anodic, sites., . Higher 
qoncentrations of .oxygen caused a...depolarization of ., the 
cathodi.c. areas.,. accompaniad by an increase in .corrosion rate. 
In the, absence, of oxygen,, velocity is without effect .because 
the .reaction is controlled ‘ by .activation polarization 
accompanying .hydrogen evolution .and this is. unaffected, by 
velocity.

0 8 )



(o j iff.ealial
,; Balesin (90) Stated that the .effect of flpw. on 

inhibitors .is, toremove,, ox .vastly reduce., their.,protective 
powers, This -has. .been, found, to ha the .ca.se, in. practice. 
Clpifarov (9.1) reported that .when solutions, .are. stirred the

1ability, of .inhibitors to function is, sharply reduced*, Beck 
and. Eessart .(92) -also, found, that the .protective power, of 
colloidal inhibitors fall when the .solutions. are .stirred. . 
This .was, simply explained .by the. removal .of the coagpl^ted 

inhibitor , from- the, .metal, surface, .in the. .stream,, of acid.
Hatch, and. Rice (-81) studied the, of fact of, sodium 

hexametaphnsphabe tGalgan), as an inhibitor... in the, corrosion 
of steel, in flowing water*- . ..With untreated water.,, the 
cqrmslon rate, first increases very rapidly as velocity 
increases,, and, then, levels off*. . With inhibitor present,, at 
the. lowest .velocity,, the .corrosion rate, is,- greater, than, with 
untreated, water,.. ... .Then as the velocity increases inhibitor 
efficiency improves,, but. still, the corrosion rate increases. 
At higher .velocities the corrosion r.ate .drops, gra.dualjy. 
Increasing the .concentration, of inhibitor has. the eff ect, of
causing the. maximum- aorro.sionra.te. to dear ease, and, occur at
a lower velocity.

The, .corrosion rate, was therefore, dependent, on, the 
rate of supply of, both oXy,gen. apd.. inhibitor.,ba the,supf^oe .
Hitchen (.84) .attributed, this increased, inhibitor .efficiency* , -at higher velocities to. the., constant replacement of 
inhibitor, at the metal . surface, by eddy . diffusion transfer.
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Putilova, el al (9) repeated their corrosion 
experiments.,, in .flowing, acid, media,, .in. the presence, of 
hexamine end, triethanolamine.* In. the. case of hexamine-, at 
the, velocities, employ ed f0,..12m/sec... and -0,*8.Qm/sec.)̂  hexamine 
acted as an inhibitor, at all, concentr.ati.ons* .. At ..the lower 
velocity triathanolamine acted .as an inhibitor at all 
qoncentrations, of .acid,, but at the' higher., one,, it .acted .as a
stimulator at normalities between .2 and 4* Potassium..iodide
Showed, the same tendencies, as triethanolamine, .when.tested in 
flowing conditions.

Jones, (,,8.5-) showed, that at all. but .the. lowest 
concentrations of inhibitor,,, the. inhibitor ..efficiency - of 
thiourea in sulphuric acid was significantly .reduced*,. This 
was attributed to- the, increased, depolarisation- of the, cathode 
reaction by the increased diffusion ,of inhibitor .to. the 
metal.: surface* At low, concentrations, of thiourea 12^,101 M) 
the dissolution process is one where the. anodic reaction. is 
depolarised in a., fashion which, is. only slightly, velocity 
sensitive.

At medium, concentrations {2 .x, 1.(1̂ E) the, efficiency 
is similar to. thope under stagnant conditions.

At high concentrations 15 x IQ? E). at high flow 
rates., further depolarization occurs:,: but at low, flow, fates
initial inhibit! ve effects are maintained,.. This suggested
that there, were mixed, reactions occuring. at. the anode, sites, 
nqt all of. which are, diffusi anally controlled.. . The..result 
of this change, in. anodic behaviour is., that- .the. initial 
inhibition obtained at high concentrations is. progressively 
! f (40)



last as, the. flow rate increas.es.

If it. is true that, the best, inhibitors., require 
chemisorption and .a lowering .of. .metal., reactivity* it, should 
be. possible. ..to. correlate certain measur^abla, adsorption 
properties*. and. hence, inhibition. possibilities .with .knpvm 
chemical. properties .associated. ..with. the....mrio.ua molecular 
structures.. (93) * Physical properties. .(,eg;.. molecular, .weight 
and molecular, .area) have, a small, effect, on inhibitor 
efficiency and even., when, a, strong dependanca.is, noticeable, 
it . can usually be, traced to- solubility ..limitations or 
micall a . fo rmafipn •

Strqmberg (94) studied, aminor-acid as inhibitors 
in the corrosion of .mild .steel, in copper. .sulphate solution. 
He,-found that slight. 4iffe.repic.as. in the, .carbon chain 
between functional .groups, altered the,.inhibitor, efficiency 
appreciably,, Amino^aoids have. the. structure -

a—  5( _  ei«~ r —  gqoh
His results can be summarised an followss~
(i.) Ôptimum, length..of R was C§ to G\% *
(ii.) Optimum, length of R* was Qz.
(iii) Optimum . form cjf Rt was, H.
(iv) Branching ifer unde sirdble«
(v) Aromatic rings .in. the. ,r( chain .were undesirable,
(vi) Unsaturation adlacant to the. polar ..groupn wan also 
undesirable.
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Although .Sbroiijfcerg fo.Und addition of methylene 
groups, in. a long alkyl chain did not affect the. efficiency 
a great deal* Hackeman (93) showed, that the addition ..of a
methylene group tq. a. heterocyclic imine, ring increased

\

efficiency. 20fo . eaqh. additional . group and..5% In. the case
df aliphatic, amines,.. he also found, that, low molecular
weight amines were more efficient than high ..molecular 
weight aliphatic, .̂ mines,* . ., As this cannot. he, .explained by 
increased barrier ..resistance due to. chain length or increased
surface, coveragê  the. explanation must lie. in a. mo re
fundamental property - viz.. the. bonding characteristics..
This was explained (95) by the steady change, in. bond angle
between, ring ..atoms* .evejq though the. rings are not planar.
X-r-ray measurements, confirmed .this (96) . Ayers, and 
Hackerman (97) ? wqrking .with .pyridine. ..and. seven of its 
nf.etl̂y.1 .derivative s5 concluded, .that molecular are a...was. not of 
first order, importance .and* .besides., .efficiency increasing 
With..the number, .of .substituted methylene, groups,, it also 
increased, with the, electron density of the nitrogen, atom.
Ihe.electron density ,of the nitrogen atom, may increase 
efficiency, by —
(l) an increase in the. number of chemlsarb.e.d molecules.
(ii)an increase in the availability of the .chemisa.rbed 

■ molecules.
Hackerman* Hurd* . Annand ,(.98) showed fhat inhibitor 

efficiency increased markedly at the.. 9, ̂  10 .memberad..rings - 
a position, where certain p.rap;ertiea:,o.f,,an. homolqguqus' series 
are frequently at a. maximum or. minimum ..(..95096.),. . . More
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striking, however, was the. effect of. .ring, cl.o.sur.e on
1 nVi-i b-i tor efficiency,-... ring, camjaaunds. (a) were.^eoldâ ly
more. effective than, .secondary amines.
(b) CH,=s, CH , CH.3...CH3I I I I

(CH)a (CH)^ (GH)̂  (CH)^
\  /  \  /N N. ■ NI tEL H

(a) (b)
In another sanies., of..experiments Hackerman (99) 

made a comparison between cyclic amines, .and, p.ara,-,subst ituted 
hi t rogenome thy 1 anilines, under, identical., .conditions.. The
results showed, no. dependence on,.-base, strengtĥ , malacbJar 
weight or. area.

Interpt’etatied, tdo.k,>iq.ta .aceaimt the,.. n, -orbital 
nature of the,, free .electrons .on the. nitrogen bond,.?- the more 
n -orbital, character present, ip., the bond at the metal/ 
inhibitor interfaqe* the more, efficient the inhibitor,,. ..other 
factors being constant.

Ilackermpn, Hurd, and. Anhand .(.1.00.). .examined three 
types of low. polymer amines ..(,p.Qll̂ ,(4̂ .i;ny.lp.yriding), 
4-̂ inylpip.erdin.e, .and, polyethylene.amine) ,to. .determine. their 
efficiency in HCL. Thq results, showed, .that .soluble 
molecules, containing multiple, repeating, units, ..(.identical., in 
functionality) are, more, efficient, inhibitors, than their 
c.Qr.re.s.ponding monomers»... ...This âs. explained hy. the. polymers 
being adsorbed to, the metal surface at ..more than, one. ppint 
apd. the. increased, stability of the net. total adsorption 
bonding;; in the polymer, .(.iê. ,a high, tendency^. once, .adsorbed, •• ‘



to remain adsorbed) to form a. strong metal-lnhibitor. bond.
By using, nuclear resonance Cox (101). .studied, the 

electronic, structure of substituted anilines. as. .corrosion 
inhibitors,.. He concluded that. the. ability .of .the. molecule 
to inhibit corrosion was, determined by .the .electron density
of the .amine nitrogen, atom  Szlar.skâ .SmlalQwska. ..and .Bus, (102)
stated that the .process of. adsorption, was influenced by .-
(i) the adsorplng. strength
(ii) the resistance hindering,, the diffusion, of .inhibitor 
molecules.

The inhibitor efficiency of compounds containing 
the same aliphatic substitute is .higher if selenium, is the 
bdnding. .atom*, ..This agrees with Makrides .and. .Hackarman (,54) 
as selenium, is far more .electronegative than, either nitrogen 
or sulphur.

Aramaka and Fufii (103) studied the influence of 
self ̂association of high molecular weight aminar-type 
inhibitors and found that efficiency decreased, when, another 
proton donor or. acceptor, was present.

Foster.,. Oakes,, and Hue era (104). systematically 
altered propar.gyl. alcohol. ,(itself a, corrosion inhibitor) 
apd studied, the, resulting. structures, for, inhibitor ef fioiency. 
The. inductile, effect of the. substituent groups tend to 
influence the availability of the n — electrons and so 
modify, the. efficiency.* Only ...one substituted ..compound ,was 
an, effective corrosion inhibitor and. they ..found, that 
steric factors played no part. in. efficiency.
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Blomgren* Bockris, and Jesch (105) found that for a
given conjugate linkage,. CHy SHy and. S- .substituents tend
tp improve Inhibitor efficiency, whereas QH7,. EH3 , and S0̂
reduce i±£. Bale,sin (.106) also found this. to.. b.e. true.

Although. d lot of work has. been done. on. the affect
of molecular, structure, on inhibitor .efficiency, no. outstanding
success has bean reached,. This, probably results from, attempting

. to s tre tc h  a-, l i t t l e  knowledge, too far..... . Most o f the. conGlusipns

reached point to the. amount of the. n -orbital .character o f  the
free, electrons., and, the el.e.c,trop .density, of tha ltanchGrijig1*
atom as ..determining..the inhibitor effectiveness. ' 
m Benz 0 t.riazjQle. ,aam f  .orr o a i on Inhibitor.

g.eng.atriazole. (Mol., Wt. ~ II9..I) is. a. heterocyclic
i ■

compound, with the following structure -

HiH
This was established by Jensen and Frie.dtger (1.0,7) after 
studying, the dipole moments of henzo iriazo le dissolved in 
benzene and diozaoe,
... Heathfipld and Hunter .(.10.8,) studied benzotriazole

ai*d its derivatives and found, that ..association could take 
place. the degree, of association increasing with, increasing 
concentration - but that compounds with no. ImlnQ.̂ hy.drQgen 
remained. uuimo.lectil.ar-.,. Results showed that association 
occurred .through E ,H - N. bonds and. they suggested that 
association occurred principally through the.1 and 5 nitrogen



.•atems' of separate molecules via the .l^dmgen atom (lij .association) 
and. to a lessor extent by 1. 2. as.so.Giati.on. .Scholes .and 
Cotton (109) also, studied .benzolriasole. and its .dari.vati.ves
and their ..corresponding inhibitor. efficiencies*.  It appeared
to them., that, the If- rr H. group, and. ana., of, the., other, nitrogen 
atoms,, were, neoe.ss.ary to. corrosion, inhibition*, the., inhibitors
forming n ,.polymeric,.complex.,on. the. metal, suriace,    These
complexes were modified by various. .anions, in,, the solution, 
apd* in some, cases.., contained., water of crystallisation.

By treating, capper with b.enzofri azo.le*, the. chemical
resistance, of the.. surf ace. i s greatly, improved, Results. (11G)
show- that, the. film, .regains. bright after. 5 days, in. 3$ . salt .mi s t 
which, would normally cause, .staining in,id .hours..:. ...in 100$ 
humidity with 0.1$.̂ / gq^, the cqpp.er .is unaffected for. 6 
weeks compared to 16. hours,; .. thq film, .lasts, up to, 6 times as 
long in. iQppm Ĥ S, than an, untreated surface,. However* the
film mil not withstand .attack from ,.. or.compound s.

Cotton and Dugdale ,(111). retarded, or prevented the 
pitting corrosion of .water systems* constructed of copper or 
copper .alloys by treatment .with .benzotri azoic* .. The surfaces 
were degreased* pickled* exposed to a .solution of .henzotriazple 
in ,i.s.oprop.yl ulcahol or water* or to h.enaatrlaz,ole,.vapour 
with ...condensation,, . ..Test specimens were contacted, for 2 
minutes .with a. ,2$. wt. solution of benzotriazole. at ,6c°.rr 100° C 
and dried., . These. ..specimens shq.wed no pitting after 5 months 
in. water which caused pits in similar untreated specimens, 
Unsuccessful treatment, .resulted in the. same .results as untreated 
specimens *



Cotton,. (112̂  claimed that the action, of henmtria&ole 
was. to act .as a cathodic inhibitor to., the oxygon reduction 
reaction* ..aided, to. a. lesser, .extent by the surface .layer., &f feet s. 
Barannik (11.3). postulated that the .presence of sulphur or

nitrogen .with free pairs, of electrons .in the molecule of a 
5^membared heterocyclic ..compound, .of .the azoic group . 
(henz.otriaz.ale. is,va.. member,of, this..class) .,suggest that these 
compounds..may;;,ĵ vCfaii. iiohibiting. .affect on the. corrosion of 
metals* by. the formation .of insoluble. chemlsor^ad films.

Other .examples of the. action of .benzatriazole ..as 
. an inhibitor. concern the addition of. henzotriazGle to .the 
corrosive madia,;* Hatch and Hagan (.114) stated that; in 
recirculating water, systems* b.enso.tr,iazLole (in concentrations 
of 1 .- -5 ppm,* with*., or .without* mol,ac.iil.arly .dehydrated 
phosphates) controls the corrosion of ..copper and its ..alloys 
in the presence, of a .more ec»ta:die metal.,. , The. compound is 
also stable ..and 'effectivê  in. water * treated for .lime and 
bacteria control*

Wall and Davis... (115) showed, that adding 
benzotriazo 1 e to. clo.sad: water systems,,;cut: down the; rate, of 
dissolution:of copper. into the water. They .c.arrlad;„out 
experiments, over a period, of. 6o days and found that* to operate 
the system efficiently*, the. .h.enzolriazale, must,he,.above a 
certain, critical ..concentration and. within, an, optiinum . 
concentration range,.. However* it is also tanwn ,(ll6) that 
thar.e. exists, in. certain waters, organisms, which, feed, on 
b qnzafri azole- ,fo,rmingv an. insoluble, y e.as .belikesuhstanp e •
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Renee benz.otri.az.ole. would be useless for the. treatment of 
such .waters.

Liddell and Blrdeye (117) found .that the efficiency 
of benzo triazole .(concentration 5 mg/lifr.a).. was greatly 
increased, in. the; .presence .of .highly condensed polyphosphates. 
Schaeffer (.118) reported that the .discolouration of non- . . 
ferrous metals, by aqueous solutions of detergents could be 
prevented by the presence .of up to. ,dl$ of water soluble 
material*, having the. nucleus -

(1) (2) . (3)
The structure, of benso.tr iazola satisfies structure 3 and 
all. three, striictur.es satisfy, the. findings of Cotton and 
Scholes (l09) on corrosion inhibition .by benzo.f riaz.Qle and 
its derivatives* .

Bepzotri.az,ol.e is, .also used in engines., .and radiator 
cooling systems where , copper in the presence .of .alunnnlum, 
iron* and. s t eel can c.aus..e. severe-pitting,* . -It reduces 
pitting .and also .has the added, advantage that it. can he. used 
in .conjunction with antiffeeze .(119) °

Benzotriazole and its derivatives are; used, in

greases (110).*. paints*, lacquers*, inks (HI), .and as vapour 
phase, inhibitors (122 It also has. .a value., as. an. 
impregriaat of paper for. transporting, copper ..and its alloys (IJLO). 
Gh.emic.al analysis .of the copper /h enzot riazole complex
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formed by pr.e treatment has. shown that ..the capper/henzotriazple 
ratio is
(i) l.;,L if produced from, cuprous salts,
(il). 1:2 if produced from eupric salts.
Po t entiom.etr.lc. titrations have. indicated...that. the. complex 
formation, takes place by. the. release of. labile hydrogen 
attached to. the nitrogen.

Unfortunately it;, has not been .possible to. produce 
a -positive correlation, between, the very thin .surface film 
formed on p.r.©.treatment and the. above compounds, produced 
by aqueous, reaction.. The. film, is so. thin, that it. does not 
give a, definite electron, diffration pattern,.- so the. film

i

must be. either amorphous or micro.crystalline., and less than 
o50 A thick.. It is. reasonable, to assume, that the complex 

formed is similar .to. one., or other., or both of .the 
complexes .mentioned above,. . . If the reaction occurs by 
removal of the labile hydrogen, it is possible. to. suggest, that 
a. long chain structure, is produced, for cuprous, benzntriazole 
and ..a flat planar one for cuprlc benzo.triasole.,, ..Whatever 
the adsorption mechanism, there is little, doubt, that . 
pretreated copper and its alloys .are significantly protected 
against corrosive attack, in. atmospheric .and. .static corrosipn^
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C H A P  T E R 2

.Preliminary: Work in Static. Media#
2,»I» Introduction#

Er.om the., literature survey .it ..will ha noticed that 
much .of. the experimental work .carried out or inhibitors ist
applicable to static media only .and that very .little work has 
been done on inhibitory in flowing media.- . however, the 
general, finding of -the work that has been; carried out is 
that inhibitors, lo.sa their, .effectiveness in flowing, media- 
It is also known that results obtained in .a static. . .... 
environment cannot be applied to. the., same, flowing .environment 
with, any certainty, at all... -As no .explanation has been put 
forward, as to. why this happens., this course of study was 
undertaken to investigate this observed phenomenon .and. attempt 
an explanation.

Copper is capable, of bonding with. a wide, variety 
of .organic, .compounds varying, from chain.. ..aliphatic sulphides

to benzene, derivatives, containing nitrogen and sulphur-
i

Ultimate!^ the compound chosen for this investigation was 
. benzQ.triaz.ole.- .B.enzotriazale has been used as ..an inhibitor 
f.pr -copper and its. alloys in static, and atmospheric 
environments .and has proved yery .effective-.Benzo triazole
has. the,... advantage, ...as,, an. inhibitor,. that tt,,.aats..chemically.. ' ’ 5with the copper forming a complex bonding ocmpound .which
protects the copper from further attack* it seemed logical

!

therefore., to. study the reaction .of the coppe.r^benzotriazol© 
.complex on the surface when subjected to .a flowing medium,

_______   t err\A f '



Using b ensoi ri azole.. and. copper has. the. added 
advantage, that they can both he. obtained, in .a .chemically .pure 
state.,, so that ..any anomalies found in the course .of ..experiments 
cannot be caused by any impurities in. the system.

As most .of the .work dona on inhibition has been 
carried out. in aqueous, acid, mediu^ it was decided to. carry put 
these experiments in. an acid media .̂ ..sulphuric, acid being 
.selected, far the purpose.. This was made up. by diluting 
concentrated. Analar, sulphuric acid (£*0* ,??. 1*,8.4) . with 
distilled ..water to the desired concentration*. ,, ..This was 
lO^sulphuric. acid.

Tough pitch, extruded copper sheet (gauge .20.) was
•» *

used in the experimental, .work and it had. the. following 
composition -

Copper 99-9/2
Oxygen 0*04#

On arrival a. number. o,f .segments .(3.8 x..l,8. cms.,) were cuts ■
from the, capper sheet, polished on successive grades .of wet/dry
grinding pape^s,(Struer.a papers, grades 220,. 320,. 400, .600)
greased,, and stored in a .dessicator. until, required.
•2'* • Experimental Work.

Prior to any work in flowing media, some preliminary 
experiments were, carried out in static media*,.,, .These, were 
to have ,a basis, for comparison with results ,in flowing media 
and. also...to. .establish which form of investigation would prove

. ■ Aito be the most fruitful* The: preliminary experiments carried
out were - (a.) Weight boss Experiments.

(b) Potential Experiments.



(c) Capacitance. Experiments.
(d) Po tentio static .Experiments.

/These, experiments were carried out under various .controlled 
conditions.

There are. two. methods by which b enact rlazole pay 
be used, .as an inhibitor and both of these ..were .employed 
experimentally.. These are -

(a) Pretreating the copper with henzotriazole before the 
copper.is placed in the. corrosive medium.

(b) Placing benzo,triazol.a in the corrosive, medium before 
the. copper is placed in. it.

2. 5. Speciiaen- Erenaration -
In. order that the experiments could, he, carried. put 

successfully the popper segments had tp,. be made,, up .into *
t ■

electrodes.
. ..Breneration of'; .Electrodes.-;.. ■

Two types of electrode; design, were, used in. the 
static experiments: ohe for the potential and ,pp tentio s tatic
wprk (type, A) and. another for thp capacitance, work (typ.e .B).

This type is shown dja grammatically .in Fig .II 
A length of PVC-qovered wire was. soldered on, to. the. back of 
the specimen.,.. The specimen, was placed inn. perspex 
mounting, (,2,5 , cms>x 5,0 . cms..). which had had., an. area, equal. to 
that, of the specimen machined out* . The.wire, soldered on the 
back , of the. specimen., passed .through, a hple drilled in the 
mounting,.... A thin layer of araldite. was smeared over, the
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“bade of the specimen, .which was. then greased, Into., the, perspex. 
On partially drying; the, excess. araldite around the ndgja of 
the.. specimen. .was cut. away, so. that, only .the, .front face of the 
copper .would he .exposed, to the acid,.... A, glass, tube was bent 
and. araldited- to, the. hack. of. the,...perspex, mounting,and, the 
PVC-covered wire passed up through the, glass*

These electrodes, could, he, easily,; renovated after 
ap, experiment, by grinding th&vf ront...£acn of ...thê electxpde 
op ;grinding paper.
aaafeEtv .

Thia electrode design is;, shown. in. .Fig^I#* A
length ..of. thick copper wire had .a .small notchvsawn, in one. end.
A co.pp.er.; s.eg?nant (.1.5 x, 1.8. cms*) was inserted into, the 
notch*. Tha, notch was, then, .tightly, closed , and the, copper 
Wire .soldered on. to,,the ...segment*>' I

Juslppr4.Gr to,, use.,, the. electrode, was .masked, off 
with., tape which .had a hole stamped out* The. only area 
exposed to the acid. was.. that.exposed by. the, tight^fitting tape.

. '  ' ■ ■ ■ - , ■  1̂. " .  V |/ '  . .11, ..

In. order that bensotriazQle forms n: .uniform .coating •
oh the copper surface* the surface must be .absolutely free” ... ,.......... ‘ ' r
from grease and dust, end also be; totally water^wet *.. To 
obtain such ..a .surface two methods, were, tried

The bright-rdip solution, was a. mixture; of concentrated 
sulphuric and nitric acids, with a trace ,of concentrated . 
hydrochloric, acid.



The capper was. cler-greased, .and washed in distilled 
water,* Then it was. placed inthe brighfedip solution fp:r a 
few seconds, removed and immediately washed in distilled 
water.

This method was unsuccessful, as it, left; the, copper 
surface blotchy and uneven* so much sq that the. benzotriazole 
only took on, certain areas, of, popper (Fig. 13 J v
fife))

This, method was, suggested by The Geigy Company Ltd; 
which supplied the benzotriazole and .deal also, with industrial 
met ho d s .of. p r e t r ea t ing copper with henzotriazote.

The. copper was. thoroughly., de-r greased; .as before,
W011. rubbed, with A small pad, of duraglit. (a. metal,/.polisher), .
Ohd then, polished with a clean*: dry soft, cloth*.  The.
resultant. surface, film was removed by rubbing,,,with a. .paste 
of pure calcium, carbonate apd, washed, off with a wetting, agent 
solution (10$. EDTA and 20% . sodium- n^oc.tyl sulphate) .
Finally the copper was. therbugjhly washed in the .distilled 
water,

: This procedure, lef14 thacopper with,;an;,absolutely
clean* wat.er-r.wet surface, onto which benzotriazole. could be

• ^  • i

uniformly coated (Fig.i4K
Consequently, this latter procedure, was. pref erred 

and used throughout the. .exEerimental work.
Both the figures, show, the effect, of 10. ronX S  on 

the specimens, and. this is a quick, test to. ensure, that 
treatment has talcen.place (110) . . ... 1. :

'• (54)
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Fig* 13 Pretreatment by the Bright-Dip Method

Blank Pretreated Specimen

Pig.14 Pretreatment by the Duraglit Method.



Treatment of the Conner Surface;
The solution used, in this, treatment was a Q;. 1

solution, of benzo triazo 1 e in distilled water,* The. temperature
of this solution was maintained at, between 6o dC and £g°C. by
a Simmers tat it. was found that above, this, temperature, bubbles
were formed on the copper surface, causing ..a non-,uniform
coating of henzotri azoic on the copper .surface.

The copper electrode was prepared as described abpve
an.d .the water^wet specimen .immersed in the..treating.bolutipn.
After two minutes it was. removed, washed in distilled.water,
and dried between two, filter papers. Care must. be . t aken.at
the* drying.yStaĝ :-to,;.avoid, getting; dust, or; greas.e... on. ..the....surface
as this, would cause, a weakening in the., benzotriazole/copper
film with .suhqeqdout Ipss in protection.

Treatment of the electrodes was. carried, out, .just prior
tq their use in an experiment.
:2*4m Experimental Procedure*

Although these experiments were initially carried
op.t as preliminary ones.., the results will be mentioned later 
as those obtained at. zero velocity.
(a) Weight Loss Experiment*

The copper segments, were decreased in acetone and.
dried. Then they were swilled in c.onc..iICI* distilled .water, 
acetone, . and dried. After weighing, ,the. segments were placed 
in boiling tubes containing 40mls , ..of .lQ$̂ .sulphuric ..acid,, .with

ivarying amounts of benzo,triazolq dissolved, in.
After being left in .a constant .temperature, bath (25^C) 

for a month, the specimens .were, removed and the .scale, removed
(55) ' ■



by immersion in da-sa orated cone en.br at ed EC I* washed, in 
distilled water* dried, and re-weighed.. The. difference. in
the two weighings. ̂ iv.e$ the weight, loss, at that particular
concentration of benzat.riazo.l.©.„. . Four separate experiments 
were carried out. at each concentration and* as. the, results 
agreed within...*10$,*. the average over, the four runs. was. taken* 

Graph 1. shows the relationship obtained for. .weight 
loss of copper (mdd x. 100) and the concentration of 
benzo triazol.a. in. the. acid. ($ mole.,)

As. the concentration of benzotriazole. increases 
from 0%* the weight loss* and therefore, the. corrosion rate,
decreases A minimum value, is. obtained at 0.13$* - Further
incre.as.e in benzotriazole concentration results, in an increase 
in. weight, loss.* Above a concentration, of. 0-.45$* benzotriazole
acts as a. stimulator to, the, corrosion, of copper, in, sulphuric
acid*
|Pre treatment of the. copper was. even more efficient than, the 
optimum, conaentratlon of benzQ.tiia.zole,

These, results are similar, to. the. ones obtained by 
Makride.s and, Ha.ckerm.an. (3-4) and. Jones. (lg) both, working, with 
thiourea, and sulphuric acid.
(b) jFotentlal Experiments*

The. experiments were performed in the. .apparatus 
shown, schematically in. Fig,. ;I£j*. The. probe, was made from glass 
tubing, which had been heated,, drawn out, and. curved*.,. TheI
tip of the probe, was ground on web/dry grinding paper, .so that 
it could, b.e. placed almost, touching,, the metal, face (about 1mm 
from it),
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400. mis-, of add. were used. and. the benzotriazole 
added in .successive., amounts, after, each, reading...... On the
addition of the benzot rlazol e.,. the copper -was allowed, to. .reach a 
new. steady;, rest, potential before a reading,, was taken,

•' Another .experiment was carried out,in which the 
benzotriazote was. all. added at one concentration,. .instead of 
a. small .amount at .a time and. progressing., through, the 
concentration rang# that, .way,

The results of these, two, types of experiment did not 
differ, outside experiment ah error and, are. shown in Graph. 2,

On increasing the concentration of benzotriazole in 
the, acid* the potential of the copper specimen moves, to. a. mpre 
noble potential than the rest potential,. ..... On. increasing, the
concentration, above 0 ,1$.* the. potential mov.es. more active, and 
atiove a concentration, of 0^% the specimen, moves, to. a, more 
active. ..potential than its rest potential .at Q$. benzotriazole.
The, rest potentials .at 0%. and. 0*5% benzotriazole are. equal.

Below a concentration of ,CUl5$ (maximum, inhibitor 
efficiency . .as, given, by weight loss, .experiments)... the. rest 
potential o.f. the... copper4 changed very quickly,,on, the.,addit ion 
of inhibitor. Whereas above this concentration*, it changed 
more slowly.

Ag&in Hackerman. and. Makrld.es. ,(34). and Jones (15) 
found, similar., results, except that Jones, found,, that, at. very low 
concentrations of. inhibitor., the rest, potential,of mild, steel 
moved more active before going more, noble.
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(cl Oapa;citalic & J b,( performed at a frequency of I kc/s^ 
The electrodes used, in these, experiments, have

already been described;., ..They -were., washed,, .dried, and masked
off with tape,. A platinum., spade, was used, as. a counter
electrode.. Both were placed in. a. heaker^aontaining. 100 .mis.
of acid. and. corme.at.ed. to. the. terminals, of an electrolytic
conductivity, ..bridge.

A balance- was obtained by .successively altering the
resistance,, .capacitance.* and. finally resistance .arms. of. the
instrument until minimum, sound w.as. heard in. the. earphones,

A, separate electrode, .was. used for each., reading at a
particular benzotriaaole concentration* .. This, enabled both
the. capacitance, and the . resistance of the. copper/acid interface
to, be obtained.* . A. relationship, is known ;(125). .which, relates
the. capacitance, of the electrical double, layer and. the
fraction of. area of coverage by. .an. inhibitor... ., This
relation,is _9 = Cu.:.̂  Ci-

Cu - Cs,
where^- fraction, of area of. surface coverage.

Ou = capacitance of untreated, copper in, uninhibited .acid*
Gi. = capacitance, of untreated., copper in inhibited .acid*
Cs ~ capacitance of copper when, saturated with inhibitor 

at that, particular, concentration*
In these experiments. Cs. was- taken as .the. capacitance 

of prer-treated, copper.. A, better representation of .the
fraction of surface coverage will. then, be, obtained*.

■ ■ i

(58)



Graph. 3 shows, the. relation, between, the- fraction 
of area coverage (9), and. the .concentration .of henmtriazole.

The fraction of surface, coverage, increases, as the 
benzotriaaole concentration increases from zero.,, a very sharp 
increase occurring between 0*1$ and 0.-15$*.. , After, reaching a 
maximum.,,at ...0.15$*- there, is a., steady,..fall.,in.the,fraction of 
coverage to an almost constant value above. ,0 *7,5̂...,

Graph A. shows the relation between the resistance 
of the copper/acid, interface and ..the henzotrlasQle concentration* 

As. can be Seen* if follows, almost., the., same, shape as 
Graph 3*.. The resistance-increases, to .amaximum at .0,,* 125/2 
ar̂ d falls, to ̂  constant, value in the .range Q»*7$$ to 1*0$.
(4) .■PotenitoSta&l&.Jb^

The pptentiostatio, experiments,,, .under, yaripus . 
conditions* ware, carried out using the. apparatus shown in .Fig* 160’ 

40.0- mis. of acid were used, and, the. apparatus.. set up 
as shown.* . The. electrode., having been made, ,up. as previously 
described., wasj. polished on fine wet/dry grinding, paper .
(Struers 6oo)-, washed with distilled water*, and .placed 1mm* 
from, the probe. The potentiostat was .set, up. ai~lOAQmV

ivifith respect to the reference calomel electrode, and, the 
instrument switched on*.:,, The- current, to. maintain, this 
potential constant .was noted after it. had become, .steady.
Th© potential was. moved SQmV anodically and-, after becoming
steady* the, current was. again noted.

*v

This procedure was. carried out in,a. stepwise manner 
until. + 200m¥. with respect to the reference, electrode., 'was 
reached... . (59)



At this potential,, the anodic, current flowing was so.large 
that, at a. higher value it may begin to effect, the., reference

* >  icircuit.*.. The...reference, circuit had been .shown, to.. be affacted 
by passing; too. high a. current in the cell .(12.0 ,

In. this, way., the polarization curve (potential-_ 
current curve) for the. specimen could be obtained^ ,lhe_ 
various conditions, for which polarization, curves., were; obtained 
are given below;-

(i) Using., uninhibited acid*
W w w w m i w i■ ■»  iw p b  .* n wNTnnuj.. jJi - *

Polarization., curves for both, untreated and treated 
copper. (Graphs ;5 and. 6 .). were, obtained*. In. ,order .to, de:termne 
the ■.effect of reversing the trace* the experiments; were repeated, 
starting at 200 m¥. apd going in. a .stepwise manner to 
-lOOOmV. (Graphs 7 and B ) ,

Graphs. 5 and 6 were also, used- as n  basis, for 
comparing the effects of the. various conditions, imposed.

Experiments .were also, carried: out using oxygenated 
(Graph.9 ,) and de-oxy.genated (Graph IQ) acid.. Gas-saturation 
of the . acid was carried out in. the packed tower of the .flow 
system and is described in the next chapter. !

In these experiments a known weight of benzotriazole 
was dissolved in the- 400ml,s;*. of .acid before the immersion of 
tfye. electrohe*. ..The concentration range employed for these 
experiments, was 0$ to. 1* 0$ benzotr.iazol.e in the ..solution. A 
separate solution, was, made pp for. each individual experiment. 
Graphs, IXj & 12 show the polarization, curves ,f.arv,tĥ se_. 
concent rations iof - b enzo.tr lazol e. . ..



By q.sing the idea of polarisation, resistance. yip), 
it is possible (127) to evaluate the weight. Ions (and. therefore 
corrosion rate) from the above polarization dataT The 
relationship, is 7 \

[V&S \Rp: ~V x S ij Ecurr., (l)
where . Rp ?= polari zation resistanc e .

1  ~. rate of change of potential- with current
/^^/Bcorr i  hdensity at the corrosion potential.

Rp. is also related to. the corrosion, rate -
K - Qj/

/ Rp (2)
where K-. » corrosion rate.

C  ̂ constant of the system.
So combining; the two' egressions -

G

h±) JEcorr.
in Jim n 1*1 .. I. ■ L. II LI I I I ■ ■

By using this expression the corrosion rates may be estimated
from polarization data,

„ The value \  rea(* from the
V ^ O i /  E c o n r , .  r  t h e

polarization., graph .within ± Ig.mV.of passing .through the .
line 1. ==. 0 c The constant* C* can be. evaluated by
obtaining(b]Lr̂  \ at .a concentration where the. .corrosion. cWLy. EcorKrate is known, . This was .done by taking a weight lass value 
in. initial, series of experiments,... (see. Appendix .II for 
calculations,)

Graph is shows the. relation between these theoretical 
weight lo.sses. from, polarization data and the. concentration of

V



ben&otniazale.*. As can be seen by comparisoji with, graph 1, 
there is very close agreement with the two, sets. af. values. 

All the, results obtained in static.,, media will be
discussed .in detail,. ..and. in. comparison with those .obtained
in. flawing media,, in Chapter 4 t
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GRAPH 4 Ya'r i at ion in Re sis t ance .of the 
Electrical Rouble Layer of the Metal in Inhibited Acid*.
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 In electrochemical experiments where it .is desired
to observe the influence of varying .flow, rates ...on. the metal 
surface* it is essential, to have a. system in -which, fully 
developed flaw .exists,.. Rotating cylinders, and, discs h$,ve . 
been used for this purpose.. It has .been claimed, that with 
rotating, cylinders a. uniform mass, transfer .rate over the entire 
surface, is obtained .- no. complications,over, entry, length, exist. 
With, {Small. cylinders .very high linear, velocities ,are,. obtained 
at; high revolutions*;• but . this introduces;..centrifugal,lore e s 
which .may. farcer theo..carrosion products to separate from the 
surface* . The., use of thin discs has,, indicated., that .the 
di s solution,, rate; is higher, at the, edges than, at the irper 
portions, due to a, thinner, diffusion layer at the.,outer..edge,
Tha use of metal .specimens, inserted in, large .‘plastic cylinders 
suffers, from, tha drawback,, that the specimens, may have. to. be

t  A »distorted in. order, to. make, them, flush with tha walls, pf, .the 
sy.stem.

An., important, .factor to be taken into account is. that 
the, flow, should be a repr.es entatipn. of practical, .conditions - 
ie. flow. in. ducts,. /, - The rotating methods, described above 
hardly fall into the-, category of hydrodynamics, present, in..most
cases of . corrosion under, dynamic; conditions,:..in the present
work the. popper was., .obtained, in. sheet, form*, so. that. the. use., of 
a square; duet made, it possible, for .the, specimens.io„. he, inserted



into the system without any distortion.
For a square duct no relationships between flow 

characteristics and entry length have, been, given in the 
literatureo In, this,, entry region*, two. pipe lengths,. ,are 
important,;. .one. far, the. velocity profile, to. form, and, one. for 
the shear stress at the wall, to. reach Its. fully, developed, value. 
The entrance of the pipe involves either a. sudden expansion or 
contraction, in. cross-sectional area. and. the, .configuration of 
the pipe entrance is important in, determining, the. flow further 
downstream. However, the maximum, entry .length for. fully 
developed boundary layers has been found to be, approximately 
70 pipe diameters for circular ducts over a. .large range of 
Reynolds Numbers*, In this .work an entry length, of. 9-6 Pipe 
diameters, was provided to allow, smooth, flow, and a. folly 
developed hydrodynamic boundary layer to develop.
3 0 2 o Flow. Appa^dfuso .

A schematic representation of the, flow system 
.(excluding the packed, tower), is shown in Fig* 17; g the. flow 
system was. constructed from §« q.v*f, glass tubing.. . An all­
plastic. centrifugal, pump, was used to circulate the liquid 
through the system.. ..As shown, the acid, was.. pumped,, from, the 
reservoir (of. capacity 20. litres) up. to the surge t.arlk (of 
cap a city. 15 litres). From there it f lo wed.t hr o.ugh., the 
rotameters and the flow cell back, to . the, res envoip.. tank*..
By - pa s s ; B,\enabled the: acid to. circulate, avoiding the. flow
cell so that the necessary fittings and adjustments could be 
made to the test- section,
______________________ (64)
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The flow was measured by a set of three, rotam,e.te,rss 
0- 1*5 litr.es/mto.,., Q 10 litr.es/miru,̂  and. >0'' - 35 litres/min* 
The: flow was coarsely regulated, by by-pass, loop A. and the fine; ~ 
adjustment made by the"'®top cock-, after the flow cell,

The surge tank served two purposes -
(i) It maintained the entire system, under a positive head, 
so that no air could leak. In.
(ii). It smoothed out any irregularities in the flow., caused 
by the pump. . ,
(bj Plow Qdllj

The flow* cell was constructed from. 0-9 cm* perspex
and was of 1*8. cm* X. 1.8cm,* iA.te.rnal. cross-section* A. thin . 
layer of polystyrene coating, was. applied in the shallow , 
depression of the groove in order to make the joint leak-proof. 
The sides, were- then bolted together*. As shown, in Kig.18, the 
perspex sides of the. flow cell were continuous except for the 
test section, where provision was made. for. the, insertion and 
removal, of the. specimen decks.* The., total, length, of the flow 
cell was 9 ft * of which 6. ft.* preceded the test section, t h u s  

ensuring, that, there were. no. disturbances due, to- the trans­
formation from circular to square section flow, .and also that 
flow, had. developed hydr.odynamically-* There, was, 18," after the 
test section to avoid any disturbances in reverting back, to 
circular flow.

In order to make the. changeover from, circular to 
square section more gradual, .a .perspex, block, was placed at 
either end* A, hole ft was, drilled in one., face, and .a 1..8.X..J* 8 
cms. square cut in. the opposite one, . The. surfaces, were
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carefully filed 'before Joining;, so that a smooth, gradual 
changeover was. effected. These, blocks were... then, glued, to 
both ends, of the flow cell.
(0) Specimen; l?eok'So.(iFig< 19)

These decks,, which held, the, specimens., were made of
perspex and, w e r e  o f  the same cross-section as. the flow cell*
They could, he inserted into the. test section of the flow, cell

■ and bolted tightly.,. .... A thin layer of. Sira adhesive was, applied
round the. decks, after insertion: to ensure that the, Joints., were
leakrrpropf. <̂  — 7. • ....

To,, prepare a deck for. use, a. shallow .depression 
(just less than; the. thickness, of the, metal, specimen,, but eqpal 
to. its length) vŴ s machined into the perspex. Two holds, were 
drilled into. |he back. of. the. perspex, one for. the., probe and, the 
other for the electrical connection, A wire was soldered to 
the metal fqr. the electrical connection and. the metal 
araldited in the p.erspex,. When the. aral.di.te had s..et5 excess 
araldite was. cut away and. the metal made, flush, with the perspex 
by rubbing, vfith various grades of wet/Ary grinding paper 
(Struers papers 220,320, 4Q.Q* 600) ~ if the metal face were 
not flush with the. perspex deck face., irregularities in the 
acid flow would ,occur ♦ A small hole was drilled in. the centre 
of. the specimen s,p that the backside, probe could be inserted 
and. contact made, with the. face., of the. specimen,

A. similar method, was used to. construct the, counter 
electrode (platinised titanium),, except for the. electrical
connections/* The electrode, was araldited. to a perspex deck,

*

(66),
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which had a hold drilled through it. Silver ar.aldi.te resin
iwas packed, into., this, hole and a. small, copper rod. inserted. 

Electrical connection, to. an instrument was. then mad§. by 
attaching, the instrument lead to the. copper, rod Tpy a 
crocodile clip;.

Fig.20 shows the aspe&bly of the electrodes in the 
test, section.
(!) Electrode Probesb

In selecting a. probe for measuring the. potential
at the metal surface, two factors must be. considered: -
(1) the smooth flow of the liquid through the cell must not
be disturbed, and
(ii) the IB drop, between the metal and the probe must be 
reduced to a minimum. , .
A. Nbackr-.side?* probe fulfills these requirements and was 
selected in these experiments. . However, Biohtelli (123) 
showed that certain distortions, were caused by this type of 
.probe. .(Figc2l)̂ . if the relative areas of the specimen and 
probe are large, .the effects of .these distortions are .almost 
negligible,. The pr.o.be (shown, in .Fi.ĝ 20) was. made from 
PTFE rods,. The ends of the rods were drilled to form 
capillari es:. which ..fitted,, tightly.. into., the holes, drilled in 
the metal specimen. The. whole body of the probe was actually 
screwed into, the p.epspex backing, of. the specimen# The
capillary of the probe was long, enough,, so . that, when it was|
screwed into the specimen, deck, if, protruded from the metal 
surface.. The excess length pf the. capillary was. then
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trimmed with a razor, so that no protrusion occurred on the 
metal surface*

N. Ibl. (124), when studying the diffusion layer, 
found .that, if flow of electrolyte occurred in a "back-side" 
probe, the. concentration of the diffusion layer was found to 
vary with time,* ... To prevent any flaw, of this nature, the 
arrangement used iruFi.g?,22 ' was used* The test-tube, (and the 
PVC tubing, from the, side-arm), .was filled, with electrolyte.
Bung A, containing a. very thick, Agar-Agar potassium, chloride 
bridge with, its, ends almost closed, .was then very tightly 
fitted., Any movement in the pro.b.e is. then solefly due to

t

the compressibility. of the electrolyte and will be. very small o 
(e) Packed Towero .

<■

The flow system, containing the packed column, is . 
shown in Fig., is
given on Fig.24* , Like, the flow, system, it is constructed 
with, q.v.f. glassware..

As before, the acid was. pumped from the reservoir
tank into the. surge, tank and then through the rotameters <,
After flowing, through the rotameters, the acid was diverted
up. to the top of the. tower. On passing through the tower
and put at the bottom, the acid flowed back into the., reservoir 
tank>.

The gas (ozygen or nitrogen) flowed through two 
rotameters and into. the. bottom of the. tower via a piece of 
glass tubing with. a.Series of slits cut in it. On passing 
out at the top of the tower, the gas. passed, through a water 
Seal and into, the atiii6.sp.here.

(68)



Thick KC1 Agar
Bridge

KC1 Agar Bridge

Probe K y Acld Sato iCGl -So

Test Cell

Pig.22 Arrangement used to prevent any flow g f acid in the
Backside Probeo



s
I
I*pa>pi

i—iH0)OSO£
•P

■P

•P

Hxh

Fi
g•2
3 

Sch
ema

tic
 
Dia

gra
m 

of 
the
 
Pac

ked
 
Tow

er 
Sy
st
em



Rubber 
Stopper .
iSPTh ^as 

JU out
Liquid

in

3U diam Section,
EndPacked PVC*

Insert

Packing
Support

^Liquid
outGas

in

Fig* 24 Diagram, of the Packed Towero



The sensor of the Beckman Oxygen Analyser was fixed 
in the packed tower inlet line. This was to ensure a flow 
greater than 1-8 ft. / sec .with no hubbies entrained In the acid. 
As in the. outlet line from; the tower, the aoid had hubbies of 
gas entrained in it, the oxygen analyser would give an incorrect 
reading if .placed there.

the packing used in the. tower was single turnlbelices* 
As these were rather small for the packing support, Just above 
the support to a depth of 1!T - were placed latger diameter 
raschig ringa. The total height of the packing was 24". 
Measurement of Flow*

The flow of the acid, through the system was measured 
by a series of three rotameters- These had been previously t- 
.calibrated and the cGdlibration charts are given in Appendix 2,fc 

The height of acid in the surge, tank was initially 
maintained at. a. high constant level by. by-pass loop A*. Coarse 
adjustments were made by the, rotameters and the. final. fine, 
adjustment of flow made by the stoprrcock placed at the. end of 
the flow cell,. The, graduation given on the rotameters could 
then be read off the r calibration charts in rals-/min.* 
Temperature.

The temperature of the acid was measured by means of 
a thermometer placed just prior to‘ the flow cell. . As the. 
temperature was found to vary only between 23*0.. and 28°C. during 
a run, no provision was made to maintain the temperature at a 
constant value* .
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jfeaa Adsorptiono
To oxygenate or dê .oxy genate the acid* the system

was normally left, operating overnight-. This was for
convenience only, . As it .was, found that the desired oxygen
concentrations (as given by the Beckman Oxygen Analyser) were .
obtained in. .2 - 3 hours .operation. The oxygen ..concentration
for the various conditions, were -

(?t) De-oxygenated Acid - 0.01 ppm ̂oxygen.
(b) Aerated Apid - 7*5 ppm. oxygen.
(c) Oxygenated Acid. . *• 33*6 ppm. joxygon.

During an experimental run, these values were maintained by 
bubbling the particular gas through the reservoir tank,,find 
checking, the, oxygen concentr ation ..of. the acid at the end,, of 
the run,
315 Jlxberiiaeh^ Procedure *

The results from the work in, static medium indicate . 
that benzol riazole is an effective inhibitor within the 
concentration range 0.—  G.,5$, The. same concentration range 
(0 —  1.0$ benzotrtazole) wf.ll be us.ed in the flowing system 
as was used in the static media. Although it would have been 
desirable, to repeat the static experiments under flowing 
conditions., but the flow cell and. the assembly of a Specimen 
deck, it would not be possible to carry out any weight loss 
experiments- At first it was, thoutght that these could be 
carried out by measuring the copper ion concentration in 
the acid* as. thi s, pan be measured very -.accurately*̂ v; jitowever, f 
this would only give the amount of copper in solution, 
neglecting the copper remaining on the surface as corrasipn



product. Also* as it would be impossible to dismantle the 
‘ specimen deck satisfactorily after a run* no direct weighing 
method could be employed.

Therefore* the experiments carried out in the 
flowing system were (a) Capacitance- (b) Potential
(c) Potentiostatic* The volume of acid* which was made up 
beforehand* used in each .case was 17 litres,
__(a) Capacitance Experiments*

In order to bring, the capacitance of the cell
within the working range, of the instrument, used* a standard
capacitance was placed in series with the cell .(£ig„ 25).*

The specimens, used had no. hole drilled for a probe\
as there was no requirement for a. reference circuit,. Apart 
from that the decks were made up as described previously* 
ground down on wet/dry grinding paper so as to be flush with 
the front surface of the. deck* washed and dried.

A thin layer of Sira adhesive, was put in the. groove 
of the deck and the deck, screwed in to the test section.
The counter electrode was assembled to the test-̂ section in 
a similar way, - A smear of adhesive was also put along the 
Joints, in the grooves of the test section to ensure that all 
Joints were leakrrproof.

While the decks were being assembled* the. acid was 
flowing round the flow-cell by-pass at maximum velocity.
After connecting the electrode terminals to the capacitance 
measuring device* the by-pass was closed as. the. flow??cell 
opened. The high velocity initially is. to. ensure, that all 
the pockets of air are swept, out of the flow cell.

(71).
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The experimental velocity was selected ;and 
maintained until the capacitance reading became 
This usually took between 8 - l p  minutes.. The.steady 
capacitance value was noted and the velocity, incjre^ed.
This procedure was maintained, throughout the.̂ velocity range.

On completion of the velocity raAgê . the- specimen 
was removed. A. known weight of henzotriazple to
the reservoir tank and dissolved by pumping. the;r acid round the 
by-pass loop A. When all the inhibitor had. dissolved, the 
above, procedure was carried cqt with a new copper _specimen.

This was continued throughout the concentration 
range and also carried out with a pretreated specimen. 
Pretfeatment took, place as before, but after the ̂  been
assembled.. After treatment care had. to. be taken.on, smearing 
the adhesive on the perspex deck., as no adhesive had to get 
on the copper surface under any circumstSLnces. for reasons 
already mentioned,

/ By using the relation between capacitance and 
fraction of area of surface coverage, the fraction, of area, of 
surface coverage was worked out as a function of inhibitor 
concentration. Graph 14 shows this relation. It follows 
the same trend as in s tatic medium and is no t .::velocity dependent. 
This would be expected as the mass boundary .layer., ; which would 
be affected by the adsorption of benzptriaj5ole, is far smaller 
than the hydrodynamic boundary layer ̂ nd not̂  .affected:iy it,
(b) Potential-. Experiments.;. -

The assembly of the specimen .axcept
that a...hole is drilled into, the copper. to; accommodate, the probe.



The probe is attached via PVC tubing to the. .reference.. system, 
shown in Fig. 22*. The necessary connections nre made to the 
potential-.measuring, instrument (Bye Bynapap) except that the 
PVC tubing is not yet connected to the probe._

On diverting the acid from the by-pass'loop through 
the flo,w d.011., bung ,A in the reference system, was.loosened 
and the/pvc tubing attached to the probe when the first sign 
of acid coming, out of it occurs. Bung, A Is. then.made tight- 
fitting.. In this way all the air is removed from the 
capillary,of the probe.

The required velocity was then, selected and the poWnci 
the copper allowed to attain a steady value.

The same procedure as before was, then., adopted to 
proceed through, the various, velocity and-coneentration ranges,
and. varying, degrees of. oxygen concentration, of ..the ,acid...
These results are shorn graphically in .Graphs 15 to 18*
(g) Botentip static. Experiments y-

A specimen deck was assembled and fitted into the ' 
test “.section of the flow cell as above * The counter, electrode, 
the specimen, and. the. reference, electrode, were connected to . 
the potenticstat which, was set at the required .potential (at 
the*' start, of a run this. was .̂ IQOQmV with, respect to. the 
calomel ele.ctro.de).. The acid was. diverted, into...the. flow cell 
and the air removed from the capillary of the .probe in the 
manner described above., The required flow .ra.te was.;.‘aelc‘cted
and the instrument, switched on. . The current required, to.
maintain thi.s set .potential .was. taken after .it, had. become 
steady.. This usually happened very quickly, ...but ,5; minutes



.were allowed between changing, the.p:o±entlal .and .noting, the, 
current. .. .The., potential, was then changed ano.clically 50mV 
and the.,procedure repeated.

In ...this..way the polarization, .diagram, could be 
obtained, lor that., particular specimen under those particular \ . 
environmental conditions,

The same, procedure was repeated, .with. a. .new specimen 
at a,different velocity, .. Benzotriazole ..was.added.and dissolved
as described previously before a run was,, started* .The oxygen
concentration of .the ...acid was. ..also, altered..as...described ... 
previously.

In this way,, the. .polarisation diagrams for. ..various 
conditions could be., obtained* The conditions. ..used are listed 
below -
(a) ^retreated Copper - in Aerated.Acid»

As can. be. seen. from, graph ,19f the. .behaviour of the 
treated specimens, changes, drastically within, the, ranges 
Re = 7^00 and Re . ~~ 9830, So .lt was decided, to concentrate
.the. investigation .on the range. Re,..,-. 5000 to Re,,?= 10,000 for 
this reason.
Ibl Untreatdd Ootber in Aerated Acid*

Graph 20 indicates that ,no. drastic changes, occur with 
untreated copper, with the range He...™ .7̂ 400 .and ..Re - .10,0.00• -

So these experimants. decided on the velocity .range 
to be. used (5*0G0.< Re-4 1Q..?000) and the .preliminary, .experiments 
in. static media indicated the beirsatriasole. conaentration to 
be employed (0. < .bensotxlazole .̂ < l.aO) 0
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(c) Untreated Copper in Inhibited Aerated Acid.
Graphs 21 to 26 show the behaviour of untreated capper in 
flowing media at various inhibitor concentrations*
(d) Treated Copper in De^oxygenated Acid.
Graph.27 shows the specimen1.s behaviour.
(e). Untreated Odpper in he-oxygenated Acid.

i

Graph28 Indicates the. specimen,1 s behaviour.
(f) Untreated Copper in. Oxygenated Acid.
Graph29 shows., the specimen* s behaviour. -
(g) .Treated Copper in Oxygenated Acid,
Graph 30indicates the specimen1.s. behaviour.
(h) Untreated Copper in Der-oxy.genated Inhibited Acid.
Graphs 31 to 34 show the behaviour of the specimen! under 
inhibited, acid, concentrations.

These, results seemed to indicate that., oxygen 
plays a role .in the. breakdown of the. Copper/benzotriazple 
film, ' An experiment was therefore' carried., out with treated 
copper in oxygenated acid with various concentrations, of 
benzotriazole.
(i) Treated Copper in Oxygenated.inhibited Acid.'
Graphss 35 to 4Q, show these results. This was to. deteriaine

► V1 ’ ’  ■’ .whether or not the copper/benzotriazolh fi^if could be renewed 
on breakdown or vnot© ..

All these results will.be discussed, in. detail, in 
Chapter 4. ,

The graphs designated with an A are graphs of the
corresponding number*but of a larger scale' around the zero.... ‘ * * - i
current point©
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GRAPH 14 Variation in fraction of Surface 
Area of Coverage of Benzotriazole

in Plowing Media
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ORAPH 41 -Variation of Resistance of. the Metal Double 
Layer in Plowing Inhibited Acid*
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GRAPH 42 Theoretical Weight Loss of Untreated 
Copper in Plowing Aerated'Acid.



Results and Discussion*
4o Io Benz o triazo 1 e as an Iuhi'bitor in^Statio -Me&iuffu

The results of the weight .loss (Gre^b i) ; and rest 
potential (.Graph .2) experiments do not differ significantly , 
from, the findings .of. Hack.erman. and Makrides., .and Jones* both 
working .with thio.ur.aa. as an inhihitor. ..in the... corrosion nf jniid 
steel in. acid aq.uep.us media. The corrosion rate is reduced 
by the /action of benzotriazole in concentrations less than

Vr '«t ■ ‘
0*5% withmaximum .inhibitor, efficiency occuring. at a
concentration, of Q.*125$ (the critical, concentration),*; .Any ̂ . . . . . .

further addition, of benzotriazole causes the corrosion rate to 
increase and .above a concentration of Q.*5$ henzotriazote acts

4 ’ s

as a. stimulator to corrosion, . The value of the. critical 
concentration is approximately equivalent, to. the .optimum 
benzotriazQle.concentration far. pretreating copper, and... the 
conc.entra±ion. range, for. which b.enzotriazole acts .as. an inhibitor 
agrees with .that recommended industrially .. , .The. change, in 
rest potential caused by the addition of benzotriazale follows 
the. same, general, trend, as the. .corrosion rate. .The. rest̂  
potential, becomes more noble (less active), below, a concentration 
of 0. 5$ benzo tria zo 1 e and more active above it*/,;.. , Below. the 
critical concentration it was noticed that the potential 
changed to its new value more quickly than abo.v.e it* . The 
above ŵorkers noticed this., .phenomenon and. suggested that two 
entirely different processes were involved* Hackerman and

. .»i i
Makrides suggested .that above, the critical concentration the



behaviour might, be explained by., the. depolarization of the
i-

anodic, reaction.
When copper is placed in inhibited acid* adsorption 

o f b enzo triazole. onto the copper surf ace takes/ ,place (Graph .3) • 
Adsorption increases, with increasing concentratipn. of_ 
benzotriazole until a concentration of 0.125$. is; reached* and 
then,on further Increase in concentration it decreases, to any 
almost: constant value* . It. is known. that two .different 
complexes, of copper and benzotriazole are passible,; cuprous 
and cupric benzotriazolea. This adsorption, and desorption■ i
phenomenon could be due . to the formation of the copper- 
benzo,triazole complexes, at different benzotriazole, concentrations 
and could also he responsible for the. two. different processes 
menti onad abo ve.

Initially copper is dissolving from. the. surface* 
but on addition of low concentrations of benzotriazole* the 
formation of cuprous benzotriazole on the copper., surface

. .stabilises, the, copper., reducing, the. copper, dissolution  As
i

the concentration increases,* more adsorption of benzot riazp 1 er * s
as cuprous, benzotriazole. occurs and. the metal dissolution 
continues, to be reduced. At the. critical concentration the 
formation of cupric benzotriazole. in the bulk solution 
becomes, possible, .As the concentration of benzotriazole

t rincreases* the reaction forming cuppic benzotriazole becomes 
more and. more, predominant and the. cuprous benzotriazole 
complex is. desorbed on breakdown.. Above the concentration 
of G. 5$ although some, residual adsorption, of .benzotriazole 
remains, on, the metal, surface* .the. copper isl dissolving,.

(77)



at a faster, rate, than if no. inhibitor were, present due to the 
preferential formation of cupric benzo.triaz.Qle. in. the. bulk 
solution*

Reeve (128)., studying the overall reaction 
Cu — -> Cu* + + 2e

stated that the observed kinetics of the dissolution, of 
copper in H^SO^ Indicate a. reaction

Cu— + 2e (1)
at the aurfcice*

Cu'v* — — — -- > .Cu+ *
at. surface . in bulk solution  ,(2)

Reaction (.1) was found to be the rate of determining step 
and could also consist of the intermediate, reactions.

2Cu— ^2Cu+ + 2 e C u  + Cu+* + 2e*
This, gives the. same overall reaction

Cu—~» Cu*"*' + 2e.
So that reaction (.1) could, he hindered by the formation, of 
the cuprous benzotriazole complex in the manner, mentioned above* 

Hoar has stated that where the addition of inhibitor 
causes the rest potential of the metal to. move, more .noble, 
the anodic reaction may be ponsidered. to be. affected more. than, 
the. eathodic. reaction. This was noticed in. a series, of 
Ifgalvano static1* experiments.* . In these .experiments, two copper 
electrodes were connected together via an avometer, .a variable 
resistance and a 12V battery and the. current kept, constant by 
operating, the variable resistance. . The potential of. each 
electrode, was measured against a standard, saturated calomel 
reference electrode- At low current densities

• (78)



A(approximately ŷ A/cmf).*.. both the anodic .and cathodic Reactions 
were polarized., the anodic reaction more so than, the cathodic 
one. At higher current densities. (above 15/̂ A/cm̂ ) the anodic 
reaction, became /even jtaore .polarized vwher,eas the cathodic
reaction. Remained Relatively unaffected,. .This, trend, continued ../f i
throughout the concentration range, /employed.

Graph. .4. shows how. the resistance of the. .copper in the 
acid Varies, with .increasing henzotriazole .concentration..... The 
resistance. follows.. the. .Same trend as. the, -fraction . of. area of 
surface coverage ..by the. inĥ hitoR*. , As. the conductivity of 
the .acid remains, unchanged , throughout the ...concentration ..range 
any changes in the r es i s t anoe the cell must. o ccur in * the
electrical double layer of the. copper and, the acid, has, not 
been. "de-r activated ft by the inhibitor in any way.. The 
conductivity of the acid was, determined by. measuring, the 
solution . r.e si stance in a - conductivity cell„ by.̂a., conductivity 
'bridge.

With .pretreated copper, specimens,where, the. metal 
surface is totally covered by a poiymerlc' ’ complex .of cuprous
and- eupric benzotriazoles^ the rest potential.,is. more, noble,I 1 .
the weight, loss, is less., and. the resistance,.of the,.electrical . 
double layer, is greater. From 'Srii & it dan be .seen that
at most potentials the. current,.passed, is. less.with,a. p.retreated 
specimen.than, an untreated specimen,and .that.the oxygen 
evolution has. ,been supressed. . Graphs .-9 St 1 0  ,show, the

1 j ■

behaviour of pratreated and. untreated, specimens, in oxygenated
•>and de^oxy:genatedT,acld.._ In oxygenated solutions. the. evolution 

of oxygen occurs at a lower potential whereas in. de^oxygenated
(79) ■ ; ,



oxygen evolution is supressed*
With pretreated specimens on the evolution of 

oxygen a black layer is formed on the copper. This film 
comes away from the surface, revealing a bright copper surface* 
This black film consists of henzotriazo-le and copper oxide. .
It appears that on the evolution of oxygen this film is 
weakened and drifts off the copper. In de-oxygenated acid 
oxygen evolution on .preireated copper is completely supressed 
and the surface remains quite bright. On untreated copper 
oxygen, is Just beginning to form and the surface has dulled*

This seems to suggest that oxygen in some way 
causes the breakdown or removal, of the inhibitor complex film 
on the surface,

From Graph II & 12 It will be seen that the cathodic
section of the curve in the presence of the varying, concentration 
of benzotriazole behaves very similarly to the pretrea.ted 
specimen (Graph. 6 3 o The anodic portion of the curve indicates ’ 
that less current is passed and the oxygen evolution reaction 
is supressed to a greater extent than the. pretre.ated specimen* 
Therefore the action of b.enzoiriazole is not totally .blacking 
as less than 90$ surface coverage by benzotriazole produces 
the same cathodic effect and supresses the oxygen by .a. greater 
extent than a pretreated specimen, Benzotriazole is : ! 
adsorbed onto the copper surface by losing its labile hydrogen 
and thus obtains a slight negative charge around the nitrogen 
atom. This nitrogen atom will act as an anchoring:: group on 
adsorption, .When a copper surface is anodic^ this could cause 
a stronger bonding of the benzotriazole to the copper by



increasing the positive charge an the metal., A larger 
potential, or inhibitor concentration is then required to form 
the cupric benzotriazole complex in solution * With pre.trea.ted 
copper, the film cannot be renewed on breakdom,. so that anodic
inhibition,. although better than untreated copper, is not as 
effective as inhibited acid at. anodic potentials.

The determination of the rate of weight loss of a
specimen from polarization. data($r&35fe 13) using / ...

. /

agrees, very closely with experimental findings (Graph I.) and
therefore seems applicable to this metal/acid system,

»

These results seenl to indicate the inhibition of* \ * '

occurs by anodic control supplemented, by .a blacking action 
by anodic adsorption and that breakdown in. inhibitor efficiency 
is caused by the action of oxygen.
4* 2* Benzotriazole as an Inhibit oy in Flowing Mffdia.

surface area of coverage by adsorption of benzotriazole to the
r

concehtratiou of benzotriazole in the acid solution. The 
Relationship follows the same trend as in static media with 
maximum, area of coverage being afforded at a benzotriazole 
concentration of 0,1$. As the mass transfer boundary layer is 
far smaller than the hydrodynamic boundary layer, the, area of 
coverage is. independent of the flow rate and dependant on the 
cohcentrati.on of benzotriazole in the: acid* This is as expected„

the corrosion of copper in sulphuric acid by benzotriazole

Graph 14 shows the relationship of the fraction of

(81)



However, th.e resistance being independant of the flow rate, |
is a complete reversal of that;;, in static 41 );♦.
When the. area of coverage of the metal surface is a maximum, 
the .resistance of the electrical double layer of the metal is at 
a minimum* So; any inhibitor efficiency o.f benzotriazole in 
flowing acidic media cannot be attributed to the imposition of 
a resistance at the metal/solution interface., as was possible 
in the case of static medium. Also pre.treated copper has a 
lower resistance than that obtained in. Q..l$ inhibited acid.

 Graph. 15 shp.ws the dependence of the rest potential
of pretreated copper on the flaw rate of the. acid. As can be 
seen, ,the: rest potential in de^aerated acid is almost 
insensitive, to flow, whereas with both .the. aerated and 
oxygenated acid, there is an. increase in. rest potential. The 
rate of increase in potential decreases .as the flow rate increases 
This, phenomenon can be explained as in Fig.3* In. static 
medium the copper in equilibrium with the acid may be 
represented by CBA. and the potential and. corrosion current are 
given by, Ê and, ic * When. the. metal is pretreated with 
benzotriazole,, the. anodic reaction is affected (AB movps to AD) 
and the corrosion potential increases to E*> and the corrosion 
current decreases to iQ . The effect of flow on the system 
is to enhance, the? cathodic dxygen reduction reaction (ie.Ec to
E$ ). So if the anodic dissolution of pretreated copper

 .remains unaffected due to flow, the effect will be to increase 
the potential and the current accordingly:* •

Graphs.16-18- show the yarial^bpxpfpotential . 
with increasing benzotriazole concentration in the acid at



Potential

/ Increasing 
Plow Rate

r

Ourrent Density

Fig.37 Explanation of tlfio Potential' Behaviour of 
Pretreated Copper in Flowing Media.
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increasing, flow rates.; the acid being de^aerated (Graph ; Id) $ 
aerated (Graph 17},and de-aerated (Graph. 18.)• As in static 
media., the general trend is to move the rest potential to a more 
noble potential on the addition of benzotriazole with a 
maximum, occuring at a concentration of 0.1/6# Further increase 
in concentration above this value causes the potential to move 
more active.

; In de-̂ aerated acid where the potential variation is
independent of flow rate, the potential shift anqdically 
(occuring between G%. and 0.1$ inhibitor) and the concentration 
range where the potential is more noble than at 0% inhibitor,
is smallest.. In aerated acid, except at the highest flow

[ \ ,

rate, the. rest, potential is always more noble than the 
uninhihited acid and the. potential shift has. increased,, With
oxygenated a.cid the potential shift Is larger than in aerated■: ■ " j.''" -acid, but the concentration range over which the rest potential
is more noble creases. This could be explained: in a similarVi'
manner to the pretreated copper. Initially at low concentra­
tions, adsorption of the benzotriazole onto the copper takes 
place, altering the anodic reaction and moving the! rest potential 
more, noble. Maximum rest potential corresponds to maximum

i-v i

surface coverage. Desorption causey the rest potential to.
move more active. As the flow rate increases>the' effect on
the anodic reaction,decreases, although adsorption still takes 
place. Otherwise, as the flow rate increases the. cathqdic 
reduction of oxygen, the potential rise at higher flow rates 
would increase, in fact the reverse is true.(Fig♦ 26) •
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fa) Behaviour with Pretreated Cbppeiv
. As can be seen from Graph. 19., the behaviour of 

.pretreated copper is similar to that in static media* upto a , . 
Reynolds,1 Number of 7^00 * Above this Reynolds^ Number, the
copper/b enzo.tr ia zQ le  film has broken down in some way and metal

L ‘ * 1dissolution is taking place at far lower potentials^ The 
breakdown appears to be gradual as. an increase in flow rate 
causes, the breakdown to opcur more sharply .and ,at more 
cathodic potentials,. . The copper .specimen, has not reverted 
.back.A- . to. an untreated specimen as metal dissolution is

V  • .  .occuring more vigourously after the breakdown on a pretreated 
" specimen than on an untreated specimen. In fact at the 
highest flow rates metal dissolution and oxygen evolution 
occur simultaneously..

The surface of a pretreated specimen is. a complex 
mixture, of cuprous and cuprie benzo.triazol.es and , it .has been 
shown (12,9)i that cuprous benzotriazole can be oxidised to 
cuprl.c Ions and benzptr 1 azole purely by the action of the 
dissolved oxygen in solution.. As the flow rate; increases, the 
availability of dissolved oxygen at the metal surface, increases 
correspondingly. This dissolved oxygen diffuses through the 
surface layer to the benzotriazole/copper film andoxidises 
the. cuprous benzotriazole to cup rip ions and benzotriazole.
As the copper surface is still cathodic. the slightly negatively 
charged benzotriazole will not be attracted back onto, the . 
surface, but attracted by the cupric ions in solution. The 
surface will now be partially protected by the remaining

m



-cupric benzotriazole still chemisorbed on the copper 
surface, but corrosion can still occur from the anodic 
(unguarded) ai’eas of the specimen* The corrosion over a 
pretreated copper specimen which had broken down, was not . 
uniform but severely pitted and. scarred; the type of
corrosion caused by the type of galvanic action mentioned 
above*

If oxygen were the cause of breakdown.of the 
pretreated complex film, as mentioned above, the film 
should remain intact in d-e-oxygenated acid* Graph (27) 
indicates that the film has not broken down in the manner 
it did when oxygen was available at the interface* The 
cathodic action appears to be entirely independant of flow 
rate* Comparison with graph (28) shows that the breakdown 
of the benzotriazole complex occurs at a higher potential 
than the untreated 'specimen and above the potential at 
which oxygen is evolved* As in static mediumthe oxygen is 
evolved at a lower rate than-with'untreated copper* This 
could be due to the fact on breakdown from cuprous 
benzotriazole to cupric ions and benzotriazole, there 
still exists a slight attraction between the benzotriazole 
and the. specimen as breakdown has occurred when the 
specimen was anodic.

Graph (29) shows the behaviour of the untreated 
copper in oxygen-saturated acid. Although the: cathodic 
portion of the curve is not flow dependent and the oxygen 
evolution occurs at a lower potential* The anodic reaction
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is initially polarized, out at the higher flow rates it
V

■becomes slowly depolarized again* With pretreated copper
t

in oxygenated acid(Graph 30) oxygen evolution and metal 
.dissolution occur at a lower potential than in aerated 
acid -and also breakdown occurs below a Reynold's Number 
of 5000 whereas in aerated acid, it occurs above 7400*
The availability of oxygen in this case has increased 
and it -seems highly likely that oxygen is the cause for the 
fiim breakdown and the benzotriazole loses its'inhibitor 
effectiveness* Although if breakdown occurs when .the specimen 
is anodic, the action is suppressed slightly* This is due 
to a slight attraction between the positively charged metal 
and the negatively charged benzotriazole*

■ If the film breaks down, perhaps it would be 
possible to repair the film* A series of experiments were 
undertaken with pretreated copper in inhibited oxygenated 
acid(Graphs 36-40) to see if this were possible* If breakdown 
occurs at a cathodic potential and there is no attraction 
between the copper and the free benzotriazole, the 
concentration gradient would drive the benzotriazole towards 
the copper as opposed to away from it* Then perhaps the film 
could be renewed or the inhibitor efficiency increased by 
adsorption or by a masking of the metal*

At low concentrations (Graph 36) the cathodic 
portion of the curve seems extremely flow sensitive* This 
would really be expected £is it is within this region that the 
breakdown of the film takes place in oxygenated acid (Graph 
30)and, if the film is to he renewed ..this is the: region
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where it would occur* Oxygen evolution is suppressed until 
positive (w•?#$.*- calomel) potentials are attained and -even 
then gas evolution is less vigorous than with untreated 
copper in aerated acid*

As the concentration of benzotriazole is increased 
(Graphs 37-40} the cathodic^portion of the curve becomes less 
flow sensitive whereas theianodic portion varies with the 
concentration of benzotriazole in the acid* The metal 
dissolution occurs at a lower potential initially* At a 
benzotriazole concentration of 0*1$ the metal dissolution, 
although occuring at lower potentials than in static media, 
occurs at the highest potential in this concentration range* 
As the concentration of benzotriazole is increased,so the 
metal dissolution curve is depressed cathodically* The 
oxygen evolution is suppressed to a maximum at 0*1$, but all 
are suppressed to a greater extent than pretreated copper in 
oxygenated acid.

With the 1*0$ benzbtriazole concentration the film 
seems to be undergoing breakdown and renewal successively in 
the cathodic region. The film breaks down momentarily,but 
with the high benzotriazole concentration in the solution, 
diffusion of the benzotriazole to the point of breakdown of 
the film occurs and either film renewal or a masking of the 
exposed area takes place* The metal dissolution occurs at 
potentials comparable to the lower inhibitor concentrations, 
but the oxygen evolution is suppressed as much as the 0.1$
benzotriazole concentration*
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From these experiments it appears that to employ 
pretreated copper in flowing aqueous acid media containing 
dissolved oxygen is extremely hazardous* If the film breaks 
down, severe corrosion of the copper will occur with the 
eventual failure of the component* With benzotriazole 
present in the medium it seems that it is possible to have 
the film renewed or the system re^aquires its inhibitive 
action by diffusional control* This seems an expensive 
method to employ; using pretreated metal in a medium also 
containing the inhibitor. .

It now seem$ logical to determine how the untreated 
copper reacts in inhibited acid*
(b) With Benzotriazole present in the Acid*

Graphs 21-26 show the polarisation behaviour of the
untreated copper in aerated acid containing increasing
concentrations of benzotriazole , increasing flow rates.
These indicate that at the higher flow rates, the lower 
concentrations of benzotriazole. offer better protection 
whereas higher concentrations are needed at the lower 
velocities* . This is due to the relative, amounts and
solubilities of the cuprous and cupric benzotriazoles which
could be formed on adsorption*

At low velocities the benzotriazole forms cupric 
benzotriazole, but this is relatively unstable* As flow 
rate increases, the cuprous complex~becorn.es more stable and 
affords protection. At higher concentrations, the cupric 
benzotriazole is formed,but this stabilises the copper in



solution* Protection will 'be reduced even though- some 
residual adsorption of oenzotriazole remains*

At higher velocities the pH of tlxe boundary layer 
increases and permits the stability of both benzotriazole 
complexes# An equilibrium is set up between the attraction
of the benzotriazole by the anodic copper surface and the

£
stabilising ox the copper in solution as cupric benzotriazole
At low inhibitor concentrations the cuprnus complex is
foxmed but as the inhibitor concentration increases? the

ocuprac form is also formed and cor^sion takes place* At 
higher inhibitor concentrations bothrthe benzotriazole 
concentration gradient and the attraction of the anodic 
metal surface draw the inhibitor towards the metal*
Protection is then afforded by a masking of the metal 
surface*

It was hoped to confirm these results by applying 
the relation K ^ ' \ bk
to the system* Unfortunately,in many cases there were not 
enough, points near to zero current to obtain with

any certainty* ^  /^.^^could be obtained over a range of
IOOmV, but this would invalidate the above equation Using
untreated copper in uninhibited acid? valid use of the above
equation was possible, but not in .this case*

With untx^eated copper in inhibited de~oxygenated
acid(G-raphs 31=35) except at very low concentrations, the
cathodic reaction remains unaffected by flow changes whereas
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the anodic reaction is polarised and the oxygen evolution 
is suppressed. At intermediate and high concentrations of 
inhibitor, the anodic reaction is polarised? as above? but a 
region of passivation occurs before the oxygen evolution takes 
place* In all cases oxygen evolution occurs less vigorously 
than in uninhibited acid# This is probably due to the 
benzotriazole hindering the diffusion of oxygen away from the 
metal surface*

The polarisation data obtained for untreated and 
pretreated copper in static media agrees with the findings of
Cotton who worked in 5% sodium chloride solution* .He?however?
explained the results in terms of the inhibition of the 
oxygen reduction reaction*

The phenomenon that?when pretreated copper breaks 
down in flowing media?the cgpper surface has been activated in 
way is borne <.out in practice. When two specimens (one
treated?the other pretreated) are placed together in a
corrosive media?the pretreated one is protected while the 
other corrodes# However, on the breakdown of the protective 
benzotriazole film? it is noticed that after a time the 
pretreated and untreated specimens have both corroded to the 
same extent* Therefore after breakdown the pretreated 
specimen must be corroding quicker than the untreated one*

It is also known(!3l) that? in potentiostatic
j

experiment sc although the instrument is maintaining the 
specimen either anodic or cathodic? it is possible to obtain 
“kicks" of Gurrent in the reverse direction* The corrosion
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mentioned previously (i0e« corrosion due to the pretreated 
film breaking down to form guarded and unguarded areas 
and scarring corrosion resulting) could therefore take place 
even though the specimen was being held anodic or cathodic 
by the instrument„
(c) Effect of fflow on Corrosion*

Graph lb shows the vatiation'oft bedrest potential 
of an- untreated copper • speoimeh in uninhibited acid with 
increasing flow rate. It will be seen that with de^oxygenated 
acid there' is no significant dependence of rest potential 
on flow rate within the range shown(Hesl500 and Re^TOVOOO)*
Any slight fluctuations in potential would most certainly
be due to the last traces of oxygen(GoOIppmo) remaining in 
the solution#

However,with aerated and oxygenated acids the rest 
potential decreases with increasing velocity“vuntil a velocity 
corresponding to Re-6500. Above this flow rate the potentials 
of the two cases become equal and independent of flow, rate#

This can only be explained by both the anodic and 
cathodic reactions being affected by the flow rate?the anodic 
reaction more so than the cathodic reaction#. This is unlike 
pretreated copper where only; the cathodic reaction was 
affected#

By injecting dye into the system?it was found that 
laminar flow existed below Res5500 and turbulent flow existed 
above Re^6000* This means that in the turbulent zone the 
potentials of untreated specimensare the same in aerated and 
oxygenated solutions# In both cases the rate of increase in



the cathodic direction was constant within the laminar region 
and zero within the turbulent region*

Graph 20 shows the effect of flow on the 
polarisation behaviour of an untreated copper specimen in 
aerated acid* The effect of flow Is initially to polarise 
the anodic reaction ca,thodieally and to evolve oxygen at a 
lower potential than at Re^O* further increase in flow rate 
causes the anodic reaction to he depolarised -and to suppress 
the evolution of oxygen* The rate of evolution of oxygen 
also increases with increasing flow rate*.

By using the relation IC ~ the weight loss
of untreated copper at various flow rates has been worked 
out* The relation is shown in Graph 42 as corrosion rate 
against velocity* Unfortunately* these results only apply 
to the turbulent region* This is because during preliminary 
experiments in flowing media*, it was decided that the 
breakdown of the copper/benzotriazole complex occurred 
between Re 7530 and Re 7400 and the working range was 
decided at Re 6000 and Re lO^OOO*

Within the turbulent region*, these weight loss 
values fit an equation of the form«»

AK  . cV
where K-weight loss*

V « velocity of the acid* 
c and n are both constants*

This is a similar expression to the one derived by bonat for 
the dissolution of steel tubes in concentrated sulphuric acid 

Extrapolation of this curve back to the
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commencement of turbulent flow gives a weight loss value of 
0p053,-mg/docmiA o As the experimental value for the weight 
loss in static media was Go0566 mg/docmsop there appears to he 
a velocity at which the corrosion rate is the same as in 
static media# Several workers have reported a minimum 
corrosion rate when increasing the flow rate# In this case 
it is not known whether the corrosion rate decreases or 
remains constant within the laminar region#

Traces of oxygen in solutions have been known to 
have an inhibiting effect by adsorbing onto the anodic sites 
of the metal# Copper is known to be covered with a layer of 
oxide and in these experiments this layer of oxide could have 
been removed in the very thorough cleaning process# On 
immersion in the acid the corrosion rate would first fall 
due to the formation of this protective layer of oxide# As 
the concentration of oxygen at the copper interface increases,,
so too the corrosion rate increases#

Graphs 7 and 8.show the effect of a reverse 
■trace (anodic to cathodic) on the polarisation sweep# With
untreated copper (Graph 7) the reverse sweep passes more 
current than its forward counterpart# This would be expected 
as initially the high anodic current produces a larger rate 
of dissolution# Consequently the area of the specimen will 
be effectively larger in the reverse trace and therefore the

current passed will be more# As the area, of the specimen has
increase&p the instrument will pass more current to maintain
the same current density at the same- potential# But to obtain
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the current density for the drawing of the graph, the 
origi*19-! area of the specimen was used and a higher current 
density was therefore obtained. In the, case of the pretreated 
specimen the reverse trace had to be commenced before the 
evolution of oxygen,, as this would cause the peeling off of 
the benzotriazole film, however, the current;passed is again 
more than its forward counterpart,probably for̂  the same reason



C H A P T E R  5#

Conclusions and Suggestions- for Future Work#

5# I# Conclusions#/
The following conclusions may he drawn from this 

investigation--
(a) Pretreated Conner#

(i) In static conditions the corrosion of copper is greatly 
reduced and benzotriazole acts as an effective inhibitor#

(ii) Inhibitor efficiency results from the ability of. the 
copper/benzotriazole complex to inhibit the anodic reaction#

(iii) In flowing conditions the copper/benzotriazole film
'i

behaves as in,static mediumupto a'velocity corresponding
1

Re=7400#
(iv) Breakdown of this complex inhibiting film is caused 

by dissolved oxygen oxidising the cuprous benzotriazole in 
the complex film to cupric ions and benzotriazole .After the 
breakdown of this inhibiting film,very severe corrosion occurs 
due to the formation of large cathodic(guardedJareas and 
small anodic(unguarded)areas#

(v) It is possible to renew the copper/benzotriazole film 
by including benzotriazole in the flowing media#

(vi) Oxygen evolution takes place less vigorously when 
benzotriazole is present in solution# This is due to a 
slight adsorbing of the negatively charged benzotriazple onto 
the anodic copper surfo.ce and ahindering of the oxygen 
diffusing away from the metal surface*
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(b) With benzotriazole present in the medium,.
(i) In-static conditions, benzotriazole acts as an 

inhibitor within a certain concentration range (Q«0*5^ 
benzotriazole)*

(ii) Inhibitor efficiency results from the inhibiting of 
the metal dissolution reaction by adsorption onto the metal 
and/or anodic sites on the metal •

(iii) Inhibitor efficiency in flowing media depends on the 
relative amounts and solubilities of cupric and cuprous 
benzotriazoles formed on the metal surface.

(iv) The inhibitor efficiency of benzotriazole in flowing 
media’ is due to the inhibiting of the anodic reaction and 
loss of inhibitor efficiency is due to a depolarisation of 
both the anodic and cathodic reactions,the cathodic more so 
than the anodic.

Hackerman, in his work on the adsorption of organic 
inhibitors, intended to correlate inhibitor efficiency (as 
determined by weight loss experiments) to the fraction of 
area of surface coverage by the adsorped inhibitor (as 
determined by capacitance experiments)# In this investigation 
it has been shown that, within the range in which the 
inhibitor is effective, inhibitor efficiency can be related , 
to the fraction of area of coverage. Anomalies occur outside 
this concentration range, where adsorption still persists 
but corrosion has been stimulated*

However in flowing media the fraction of area of 
coverage was found to be iMep^endaht of flow rate, but 
dependant on the benzotriazole concentration in the acid.
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The corrosion of copper in inhabited acid was found to "be 
dependent on the relative solubilities and concentrations of 
the eopper/benzotpiazole complexes which in turn, are . 
dependent on the oxygen concentration at the surface* This 
increases with increasing■flow rate* So the corrosion is 
flow dependant whereas the -surface coverage is not and will 
therefore not "be an indication as to the efficiency*

So although in this case the fraction of area, of 
coverage could "be correlated to the corrosion rate in static 
media, it seems unlikely that this would he a. universal 
inhibitor evaluation test* In flowing media* too many

. variables are present to permit the fraction of the area of 
surface coverage to be the sole indication as to the inhibitor 
effectiveness.*

Tnese experimental results also emphasise the 
findings of other workers that static results cannot be 
relief upon when used in flowing systems*
5.2* Suggestions for ffuture Work*

In this investigation the experiments were carried 
out below 30 0*. however it would be interesting to study 
the effect of temperature on the inhibitor efficiency of 
benzotriazole* There is a very great improvement in the 
coating characteristics of benzotriazole above 50 C*» This 
could be accompanied by an increase in inhibitor effectiveness 
as adsorption would be chemical* as opposed to physical* .This 
would make the destruction of the inhibitor film by oxygen 
more difficult and repair of the film more easy* If the 
coating characteristics were greatly improved^ pretreatment 
of the copper would be unnecessary at the higher temperatures*
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As the breakdown of the eo pp er/b enzotr i azo ie f i1m 
is caused by the oxidation of cuprous benzotriazole to cupric 
ions and benzotriazole, inhibitor effectiveness should be 
maintained if the complex film consisted entirely of cupric 
benzotriazole* A method by which this could be effected 
would,therefore,be useful* The Geigy Company are producing 
a new inhibitor which consists of two benzotriazole molecules 
joined via the nitogen atoms* Like benzotriazole^this 
inhibitor will enter into combination with copper and its 
alloys* Due to this molecule having two nitrogen atoms 
to act as anchoring atoms, a more closely packed inhibiting 
film would be formed on the metal surface and may be less 
sensitive to the action of oxygen than benzotriazole itself* 
The study of this inhibitor and related molecules would 
prove interesting*.

The exaot nature of the adsorption bond is not 
known*. The speed with which the potential changed seems to 
suggest a physical, rather than a chemical, bond* Further 
adsorption, and desorption,, experiments may throw more light 
onto the. bonding mechanisms undergone between the metal anb 
inhibitor at various stages of the corrosion process*.

It would be a great help to construct a standard 
corrosion cell, which it would be possible to study 
potential, weight loss, capacitance, and polarisation 
behaviour both in static and flowing conditions* At 
present many workers are investigating corrosion processes 
in flowing media, but many different flow models are being



employed* As the flow characteristics of each model will be 
vastly different, their results will not be strictly 
comparable* Such a cell, or model, would help to 
standardise methods of evaluating inhibitor effectiveness 
and malce the different workers results comparable*



APPEHDIX I

The instruments used in the experiments weresr-
(a) Pye Bynacap pH meter (oat* no. IIQ721.
Ranges; 0 - IOOO mV#

400 - 1400 mV.
7 sub-ranges of 200 mV*

Linearity: 0*3$ of the full scale on main ranges,
0*3$ of the full scale on sub-ranges*'

Effect of Supply changes; a mains voltage variation of ±  15$
gives a resultant shift of less than *  0*5 mV* on all ranges#
Sensitivity: in all cases I piA output for a full scale 
deflection is given:

IjxA/mV on main ranges.
5 ^xA/mV on sub-ranges,

(b) Wenlcing Potentiostat (mod# 6I/TR)
Ranges: ± 20Q0 mV adjustable against any external standard 
electrode*
Output voltage: 20 V#
Output current: 1000 niA#
Sensitivity:
(i) Voltage - (a) after 30 min. warm up - 2 mV/hr.drift. •

(b) after 300 hrs. operation - 5 mV/^r.drift#
(ii) Current - 1.5$ of full scale deflection.
Effect of supply changes: a mains voltage variation of £ 10$ 
gives a resultant shift of less than t 0*5 mV.
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: (c)..,geo,fepmft;,ĵ i&o'ratory Oxygen analyser (model 777 )
Ranges? 0 » 2*5;p»p9ie of dissolved oxygen®

0 - 10 p*p*m. *
0 - 4 0  p.p.m**

Linearity: 0*5^ full scale deflection®
Accuracy: I#0/£ full scale deflection* .....

The key to the instrument is the Beckman Oxygen Sensor* 
a polarographic electrode which quickly and accurately 
determines oxygen in gaseous samples or dissolved oxygen in 
liquid solutions* The Sensor is 2% ins* long and \ in* diam, * 
Signals from the sensor are amplified and #ead out Beckman 
Model 777 Laboratory Oxygen Analyser*
The Sensor (fig.AI)

The sensor is basically a polarographic oxygen 
electrode and contains a silver anode and a gold cathode, both 
of which are protected from the sample by a thin Teflon • ■
membrane* A  cellulose ~ base KC1 gel is held in pl^ce by the 
membrane and serves as an electrolytic agent*

In operation, the sensor is placed in the sample and a 
potential of 0*8 is applied between the gold cathode and 
silver anode* The oxygen in the sample diffuses through the 
membrane and is reduced at the cathode® This reduction of 
oxygen causes a current to flow which is proportional to the 
oxygen concentration in the sample* The reactions are:- 
Cathode ; 0^ + + 4 e — H>40H
Anode : - 4 Ag 4" 4 Cl ^  4 Ag Cl •f* 4© . -

As the oxygen in the sample is slowly consumed, it must
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be replenished for the sensor to operate* The flow of the 
sample past the sensor must exceed 1*8 ft*/sec* for this 
purpose*
(d) Electrolytic Conductivity Bridge (Type 4896)* ; ;;

The instrument was used for capacitance measurements in 
static media*
Accuracy:-

Resistance - 0*5j£
Capacitance - j? in XOOO on the G*OI p. 3? decade*

2 in 1000 on the 0*001 decade*
The balancing arm consists of a 'V-dial precision

decade resistance in parallel with a mica variable capacitor
consisting of decade dials plus an air capacitor* The Wagner
earthing device, which enables a silent balance to be obtained 
consists of a fixed resistance and a variable resistance 
together with a variable air capacitor*
(e) Universal Bridge (Type D«»897Bl

This instrument was used for capacitance measurements 
in flowing media*

Ranges:- ** loo (udf in three ranges#
Accuracy:-

IjifxP - 100 1*̂ 3? - ± 2% or ± 1^3? (whichever is greater)
IOO^T1 - 10 |*3? - i* I % or ± (whichever is greater)
IOp.F - 100 ̂ 1? - ± 0*5^ falling to ± 1% at 100 I1#

The residual error of the instrument is less than 2*5^..
(f) Reference Electrode* ...

The electrode used in these experiments was a saturated 
calomel electrode, which nowadays is the most common one used*
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This consists of a mercury electrode immersed in a saturated 
solution of mercurons chloride and electrical connection is
made via a platinum wire and a solution of KG1. The valvte of*
the potential depends on the concentration of KC1*

i

Potential Yaluie.
O.I.K.KC1. 0.3338 - 0.00007 (t - 25) Voltsj.
I.O.M.KCl. 0.2800 - 0.00024 (t ^ 2 5 )
Sat. KG1* Q.24I5 - 0.00076 (t - 25)

Although the saturated calomel electrode is the most 
temperature sensitive one, it is the easiest to maintain and 
hence was used throughout this work. Several were made up and 
stored in a saturated solution of KOI. Periodically they were 
checked ^gainst each other before being used in an experiment.



(I) fflow Relationship used in'the "Experiments*
The three rotameters were first ^calibrated in mls,/min. 
(Charts I,2,and3),
Reynolds* Number, Re = pod»v«

H-

where velocity, v $ cms/sec, - Q is the flow-rate 
3*24 x 60 in,mls/min.,

density,^ ^ I.Ill grms/ml, • / from * International
viscosity,ja  ̂ 1,0909 centipoise \ Critical Tables,* 

equi.dianu, d = ^  Cross'-sectional Area, (70) •

Therefore Re
1,8

I.Ill x 1,8 x %
x3,24 x 60 x I,

Therefore Re - 0,94 x Q,
So, Reynolds * Number s 0,94 x Elow Rate (in mls/min,]

(2) Calculation of Specimen Areas
(a). Weight Loss Experimentss~

1-8 cwvs-   *

Area of specimen exposed,-
= 2(3.8 x 1.8) + 2(0.1 X 1.8) + 2(0.1 x 3.8) 
= 14.78 cm^/speeimen.
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Conversion factor for grms/specimen- to mg/day.cor .is given loy s 

 ~Q9Q   as time for exposure was 33 days*
32 x 14*78
Therefore Conversion factor « 2.12,

(/b) Potentiostatic worlt in Stationary Media;

i*S CANS, 1-Orrvs

3-OC^S »
3 ̂e.v̂AS. ->

Assuming that the curved ^dges are of the fprip.;-

The area of the electrode exposed to the acid is given *by: 
= (3.8 x 1.8) —  4 f" (p.4 x 0.4) - ^(0.4 x  0.4)
=. 6.84 - 0.14 
= 6.?0 cm2.

i . i  v-: ,* ■ ;

Area of the specimen * 6.70 pm^.

{g } Pox Cppacitance Measuremefits in Static Media 
Por this series of experiments, a hole (of area 0*083 cm ) was 
punched in some masking tape which was t^en firmly placed 
completely over the copper surface.

Therefore the area of the specimen - 0.083 cm .
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(d) In blowing Media:-

l-£o«ws.

3'Sg-wvq^
Area of the specimen * (3.8 x 1.8) ^(O.I x 0*1)

* 6.84 - 0.01 
r 6.83 cms • 

therefore the area of the specimen » 6.83 cm^.

(e) Calculation of "Weight Bosses from Polarisation Bata*
  .................. 11 '■ . l,’" r ........  i.  , i ' i'   .■■■' . , „    I0The relationship ' %  ;= /fd£ \ was used “to determine 

the theoretical values.
To. determine the constant,C --
Proa experimental weight loss data,it is known that at a 
concentration of 0.05$ henzotrlazois the weight loss of copper 
Was 0*0415 mg/d.cms.* Prom the polarisation curve for untreated 
copper in acid containing 0*.05$ hensotriazole,

\ = io m
& X  0.0009 CmB;

C - 0.0415 X IQ 
0.0009

G r 445 mg.mV 
d.mA

mg. m¥ d.mA

Corrosion Rate dpi 445 mg/d • cms#

c % - \
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APHEilPXX 5

The Nitrogen Gas, used for de-oxygenating the acid 
media, had the following composition?^
Nitrogen' 99.9^dry gas.
Oxygen not less than 10 vpsm. , but less than 20 vpm.
Carbon Dioxide up to 20 vpm. •
Carbon Monoxide nil.
Other Carbon Compounds arc less than 15 vpm..
Hydrogen maximum of 20 vpm..
Neon , 160 vpm..
Argon less than 50 vpm..
Water Vapour 0.01 to 0.02 grams per cubic metre.

The composition of the Ana^ar sulphuric acid 
before dilution w a s : -

>G. —  1.84)

Acid
Non-Volatile Hatter
Chloride
Nitrate
Selenium
Iron
Heavy Metals 
Ammonia 
Oxygen 
Arsenic

not less that* 98.0$ 
0.0025$
0.0002$
0.00002$
0.001$ 
0.0001$ 
0.0002$
0.0005$
0.00015$
0.|0Q0I$

(1 0 7 )



APPENDIX 4

D e s ign.. of the.-Paclce.d Tow er* . ..
Assume that the acid initially is saturated with air at

25 °C.
The maximum concentration for oxygen in white spot

nitrogens 20 ppm,
= 2 x  10

Henry's constant for oxygen at 25° 0. = 4,01 x
Therefore the oxygen concentration in the acid can he reduced, 
hy serubhing with white spot nitrogen, to 

4.01 x 2 x  10'^= 8.02 x I0"?
*-6Assume that the oxygen concentration is reduced to I x 10 •

Due to Norman (l30)
Z = Gm (y% -y* }

'Kua.yO, AyLM.
where Z ® height of the tower*

Gm =: liquid flow rate, 
y, and yz = initial and final oxygen concentrations* 

density of liquid,
. - logarithmic mean of y> and y* •

= y*

©

V'Z
Therefore Z - Gm. In ^/y%
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rSIrerwopdV^Holl oway, ana Eolstead (130) * the value of 
K  a for ring paqbings -within a 20% deviation either way is 
given by:~

K ua - 120 / L /  ft
V \ " 7  ) /  ’

where K^a = liquid-phase transfer coefficient of the tower 
P = diffusivity = 4.33 x 10"* cms/hr.
jji * viscosity * 1.0909 eentlpoise 1.09 xlQpoise.
p - density = I.Ill grms/ml..

3I* - Gitt - liquid flow rate 18.7 x 10 grms/hr.
(Assuming only I liquid pass per hour. }
Substituting the above values i n ®  - 
iCta - 120 x 4.33 x 10 /l8.7 x 10 V 75 /. - I.OSuxTO

VJ.09 X 10 / ( 4.33 x  10 x I.Ill
51 x 4.4738 x 10 x 0.46.
III.2 x 10 

Substituting this value in (§) - 
In^‘/ya = 2 x 50.48 x III.2 x 10 x I.Ill

18,7 x 10 
Therefore In y,/y, : 500.
As can he seen the value of oxygen concentration estimated 
(I x 10 } can easily be reached. The practical evidence, as 
given by the Beckmap. Oxygen Analyser, confirms that the 
oxygen concentration in the aqid can be almost ^educed to zero 
- as a maximum it was found to be 0*01 ppa..
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