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- "ABSTRACT.

The reseach contains a brief literature survey
of corrosion and 1nhib1tion, both 1n statlo and fIOW1ng
media. Prelimlnary work was carried out in statmc medium
befcre employlng the flow system.~AThe experimental~technléues
used were weight 1oss,potential,capacitance and polarlsatlon

'medsurements. N S o

Pretreated copper,and also pretreating the medium
- with benzotriazole within certain concentration limits,
greatly increases the corrosion resistance of copper in static§

media. This confirms previous findings. . !

VR S

e e ———

In floWLng media tha protectmve power of the
inhibitor is reduced. A theory has bheen put forward to

et
.

account for this. The degres. of attack depends ok
- on the! ratia of. cuprous to cupric benzotriazples presgnt‘at
the: metal surface. |
The -experiments also showed that the fraction of
area of surfaqe coverage by the inhibitor(determined by
capacitance measurements) cannpt be the sole criteriom for
dé"temining*inhibitor etficiency in floving medium. In fact
inAstatlc medlunhthe area of surface coverage very clogely

followed the 1nhibitor efficiency,but not so 1nkfIOW1ng medlum

The results conflrmed the flnﬁings of othe; workers

that results from static experiments cannot be applied to

flowing media.
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cCHAPLER I. = o

Liﬁat&tuna;ﬁﬂmgmxa

1. 1. Gemeral Introduction.

Corrosion has been described as one df“the
scaﬁng& of.Givilizaxionm(l)ﬂasmiﬁwiswa“univérsalmphenbmenbn.
In.Britalnkalnna, the annual .cost. Of.COPrOSlon ls‘well ayer
£600M,. being incurred by the replacement of materials in

' mainmenance costs, and in lost. produatlon (2).

‘The corresion scientist tnigs.to.eliminabe;.or
greatly redude;'the‘mﬁtal lbss due to .corrosion. .. Hé'doés
so. for two. reasons. - conservation of metals. and ecanomics. (3)

~ (:L) Gonaerwatmn cof . M&talla.r

| As. the. metal resonrces..af. the world are. llmlted,
unneceasary loss..or wastage of. metals must he manlmiﬁed.
(2) Economics,
. fhis may. beﬂsubdiVldedAinto two.. categories -
(1) dlrect and. (ii) indirect lQSneS. ’

- (1)- Direct Losses.

(a) Cost of replacement..
(b) Maintenande..

(ii) Indirec; Losse”ﬁa

- ihese Lms&es*are Par more: dlfficult to. assess,
- but they may be'many'txmﬁs mare costly than: the direem loﬁses.
(a) Shutdpwn
(b) Loss of. prodnct
(e). Loss of efficiency.
~ (d). Contamination. .

@
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(e) Overdesign,
(£) Detericration.
(&) Eipllo.s.ign.,. Fire Risk, etc.
These are the main problems. the co;:..msiqn sclentist

is trying to deal with in his efforts to combak corrosion.

(2)




l..l@_ggfxos;gn and Coxrosion Principles. ' : $
Ln~the.s$udy.of corrosiﬁnmaMﬁr.the“ygar$;33mﬁgal !
thea@iss“haxe.heenﬁaduanc@dhtqwaccmunxmgor.cantainpahs&ﬁyed
phennmenamwm“Theaewincludthhe“Ac$d“Thegﬁy,,HmdmoggpﬂBeiéxgde
Theorywwagllgidﬁmhegn%w_anqsDinegtkQx&g@nwAntackmmheanm,Tbut

it;ismnow,accegmedhthgmucamnasimn“and“a@geouﬁmsalutign‘;é:a
pumelyueleattqchemigalmghqn@mﬁnaﬁw&4¢5¢6). ’
InwausimgleuQannesianigmgagas,.themnmexgll
chemical. reaction is made up~Qi.twazelemﬁntamy.ne%ctions ;
the anodic and. cathedic reactiqns.
The. anodic.reaction.is metal dissalution.

B =—> B 4+  ze.. Q)

This. reaction. will beln equilibrium at a'characterlstlc potentlal
for thls aetal,. the. potentlal belng governed hy the relan;ve
fn@epenerglgshof.the-a§ams-1n“themlaxtlcemandhthemlgns~in
solution. | | |

For electricalwneuxnalixy:tawprexailih$hemanodic
neacximnwwillwbg”balannedahgmtheucamhudic;réantﬁamx LWo
typical cathodic. reactions encountered. in the corrosion
processes. are - | |

28t 4+ 20— 5 Hy (2)‘

or Oy + 2H0 + 2 —»40HT.  (3)

Thesg.twn,;eacxions.will have their own characteristic.
eqyiiibniumgpgxenxialsmdegandanxhonwtheir.resPEQtimepiree
energy relationships. | |

WhEnma“metalhiﬁhimmgnged“inmsolution,.someﬁoi.xhe
metal sutfac¢ hecomes.anadic”énd others cathodic. ‘rhe

_ﬁhrmaxlnn af: anedic areas is faxmunad by a lack of dissalyed
£3) |




oxygen in the immediate regilon,. er the ahsence of any
protective coating on the metal. surface. .. Elecfrops,

llberated by reactlon (I),

B A ;

will transfer wia. the.metal to. the cathodie sites to take
p..avn,t,... in. reactions. (2) or (3). Normally, if no Qw,&gn is
mese:mt, the. hydx‘rog@n.. evelution reaction (reaction. (2))
occurs, but in the preséﬁﬁe of oxy.gen, the oxygen reduchtion
reaction (reaction ())) takes.place,
the standard electrode. potentmal af a.metal (Eg )
isug$gen.ﬁon.ammexal.inmawsQ}umignwnfwm@$aLwca$ionﬁua$iupit
activity.. It iszoften=imggrmanhhtauknawwhawwthese“valﬁes
vary wi$h,changgaminwaativi$¥,”asugnewmeﬁalwmaygbe?an@diggtoF
gnotber.ma$al.a$wepewgonggp$;atiop¢,bu$mwh@nmthemcancenhﬁétion
of ions is.altered, ".t.‘)tle, reverse.may he btrue. . The.r elai:ionspib
isnggygnmbynthe%Nern&tmaquamionmwhiehwsanmbemdenixﬁduf;om |
thefmmﬁmnamiawnansidenahimnﬁ.Lb):; |
En = Bg + BT ln ogee

where. Fwm= el.e,.ci;rode.;..;‘g‘tﬁnti.al. of . metal,M, ih a solution. of a
actini?lem@w

| | Fach. anodic. and. cathoedic..reaction. has its.unigue
potential. which may be shifted in either. direction by the
presence .or absence of cother chemicalwapaqiesrwand“iﬁ‘av
functian. of. the.reaction. rate.. .. A.changg.in.ggtan&iﬁl.m;th
a.change in. reaction rate is.termed.polarizaticon. . .Ancgic

reactions always polarize.in.the. anodic .direction, whereas

cathodic reactions polarize cathodically. the.causes, of . = .

‘electrode polarisation are activation polarisation,

concentration polarisation,and IR drop.id_

neentrs "

’




(1) Aetlvatlon Polarizations

‘I‘h:Ls Ads. caused by thew fact. that.. the -reaction.at..the

.el.e,c\imade“ requires..a.. c:ertaa.m energy. (the.activation. emmgx) to
initiate. ite... This. gml&mz&tmm is. cxharagtamstn.& of. m’cal
mmn. Sissointion or depn,;imcm_ B o il .- small for. non=.
trans:u.cmn.,meﬂtalﬁ“,.L_.eg._*.}\u,, Co., .or?Zn ) .. ‘The.degree. of
polarization is. also influenced.by. the.anion. associated

with the.metal.in solution.. .In.Some.cases..the. controlling
step. is.the.slow. rate. of hydration.of.the. me:t,al;..‘j,?gn,;‘és:'u it
leaves. ..:thé;..;.,lai‘..:ticﬁe.,,_.ﬁ,...omr...: the..dehydration. . of. ,:bhé(....uhx.dﬁai.égt..i on
as.it enters..the. met.al lat:tice. h
solutmom is. obta;med, the ._x.anodlc dissolution..and. the

cathodic. deposition.are. proqeeda,ng at. the. same. rate. € E:ng.l )

e

. . &= = ¥** 1+  ze
(in.. lattic. €)oo .. (hydrated.in. selutiop).

The.exchange. . current.. densimtwﬂ,;i‘o 4 LS. thangmve.nhg -
= () = (AL
where La and Le. .are ,p_aramaters cani;,aining: }diﬁ'xensig;pal
: cans?tan?ts,.

i T & potential. is. now. applied so. that. the metal
becomes. an. anode,. the eq:g;’.l;hrim..wilL...,.h,e.‘.ug;_se\t-..‘.‘ The
Ya;.u.e.. a.fhj_:\rtl.a.e«,,;i‘ncr.e‘askeh in anedie. potential is.termed. the
anodic.. ove«rpateni;;.-al_ ) - . the displacement. of. the

enengj.ea is. leldei between. the. anod;:.cw angd. oather‘h C ream;lons

in. the ratlo i/—d»where, ok is. rtha radia. of. the dl.stance. batween

the. tnansifc;cm state and. the lattice. energy well. Lo The .

total. distance hetween the lattice. and selution energy

fP S (5)




Distance.

Fig.I Energy/Distance Relatiomship at a Metal/Solution
Interface under Equilibrium Conditions.

Fig.2 Energy/Distance Relationship at a Metal/Solution -
Interface Subjected to an Anodic Overpotentlal,ﬂﬁ«'




wells (Fig.2.)  lhe applied anodic current density
ig then. given Dby:-

i, 0= dig | ex 0};33 {.\.F> - exp,éc\“*\-’-‘-?ﬂwv>]
Q. © L p(.. ca%“‘“‘ - (PRg

A .similar. expression may. be obtained. for .the dorresponding

cathodic.process. ‘This eguation may be. simplified in

two .cases. o

Case.l. .. When the irreversibility .of.the.electrode.process
is..small.and..the.overpotential is. less. than.0.02V,. ,the ~ .‘
expression.may be expanded.as € = 1+ x

: -3 a2z F
A s o LAES

The..anodic. current. is proporticonal. to. the. overpotential.

- .Caﬁtg;:rz:»__'_;-.:,j_, W]cl-én...‘the).:overpo.tentj..al. is. greater than. .O..,;D.Sﬁl‘ and

the rate. of reaction .opposed. by the overpotential is .smgll ’
the..second term in. the. expression may be. neglected.. 'his

gives,. .qzi..rearrangj.ng:_ the. exp,n.es.s.i.ogl -
WA = 2.303RT. lag da
¥ e

'lLa = a.4+ b laog. i
where a and b are characteristic constants of each.électrode
procass.... . Yhis equation is known as the lafel. Equation. |
| ’T\ﬁ 18 sometimes termed the activation over-
potential and is a me;a;suné. of the extent of thze: ::l:n;h erference
with eqi;ilihniumu at the metal elecirade.

(2) Concentration Polarization,

> v b b

If. a.metal M 18 placed in a solution.of its ions .
and.made. the .cathode; i:he‘:j kéonbéahmﬁay\pola:rizamgqn; "itn.._.;_thé.x
ahsence. of any .external current, is given by th.e,...N,epnst
equation - - : B
By = En - 0:059. Tog (W**)

-3




When. the: external: current flows;, metal Is deposited on. the

electrode and . so decreases the concentration of metal. ions

bo. (ME*) sk ..“l‘.hem.\.n:zcidatj!onl.@:b.laxization. ,;iﬁ\ noyw - s
En = Ef - 0.059: oz (M*%)s. L |

As. (M ).s L (M?‘*)) the. pOJ?.Entialmaf_ the.polarized. cathode

is less noble. (more active) in .the presence of the. “Aéxt.e;r;al

current.. . ‘l‘hen.xalue.éﬁg%‘ag\) ;Ls.vthe'.ﬁ,.icgn‘cent.nai:i.an...golariza?géon

and equals - |

089, . log (M)
- (M2%) s,

The. larger. the.current,. the.smaller. the.value.of. (Mz*>s and
tli‘:t.e..,.la;ngge,n...jzhe-. .ccmcéntpa.ticp.n...polas:izai:ipn. A |
When. (M) s. a_gpm.a.ché.s.. zero..ab. the metal. electrode, -
" the. concentration polarization. appreaches.infinity. The
value of. the.current densify.is termed the limiting current
density. (). If. ‘the.t.a‘;pplined,, current.density.is i, .iiila.-:.g':an

be, showm_that(P)-Ey= By = 2:303
: - - P

(3) 1B.Drop:

' This. is. due te. the. elechrical. resistance.of & film

or the electrolyte. . When the current density. is.. i and the film or
él.ec.tmly.he‘ resistance. is. B the. ,,do ntribution. ta..the
polarization..is .,1_:;. R.
) Concentration polarization.is.decreased with
electralyte. motion,. Mut- - agtivation. gole~ri_,mtioh.. and IR drop
~ are not. significantly affected. |
the rate of the qverall. %eac.tio.n. is.controlled-

by the rate of the slowest elementary .step in one of the

(7)




anode

reactions. For example, the. hydragen discharge may consist

aof the following. sfeps -

(&) The ..ihgdro.g&e_;;...i.on,.. exisfting as the hydroxonium ion, diffyses-

to. the metal surface

Hy 0y @athode . |
(b) Rs.cf," adsarhs. to a cathodic point. on. the. metal: surface. -
{c). An electron is transferred from. the metal ta the

ad,son:b.ad hydragen iopn.

(xi.) the adsorbed hydrogen atom combines with another hydrogen

atom. in its. vi cinity, forming hydrogen molecule.
(e) The hydrogen molecule diffuses from the. F.s,imnitap,e .

‘The. slowest. .o:ﬁf. .tl}e. abave reactlons. determines. the
overall rate of. the hyd.i'.ogg;; dis.chag,g;é .

Generally,. there are .four. types of reaction. control
which are. governed by the nelative resistances of. the anodic,
; reactions .
cathodac, and .e.l.ec:t.noly.tmk .. Yhese are easily illustrated by

polarization (current/potential) diagrams.

When. the. two. resistances. are equal, the. corrogion

is under. mixed control .(Fi.g_.,..ja).... If. the resistange: df;fhe

is. ..much,"hi,ghe,n,\ than. :thel..: cathodic one,. anodic control. takes
place {Fig.36.) Fig.3b. shows the case of cathodic control.
Resistance control (Fig.3d.) accurs. when. the electrolyte
sufficient to. polarize the. anodes. or cathodes. appreciably.
Inhibitars act by interfering with. either the.
ancdic (anedic inhibitors), cathodic (cathodic.inhibitors),

or bokth (mixed. inhibitons) electrode. reactions.. Very few

(8)
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inhibitors act purely by altering the resistance of the
electrolyte.

T.2. Corrosion Preventions

Some of the methods. used by industry to.prevent:
corraosion are outlined here. It is. estimated (8). that they
cost.Britain £500M. per year.. For ease of discussion, the
methods. used. may he. placed. into. two categories.-. kinetic .and

thermodynamic. .

T) Thermodynamic Methods.,
- (). Alleying. '

Cin this way
~Effectively the alloying efa metalfincreases its

nabilixi.and.somxeduces the dniving.E;MmEm_in_the.er#Qaion
cell.. . The nobility of a metal is a function of its
ﬁubliminaiﬁcn~enargx@.ianiéation.energx@‘andhsolmétionlenepgy,
which is. a. function of lattice stability, by inereasing the
strength. of the metallic bonding. .. As the magnitndes of the
ionization or solwation energies cannat be significantly
changed,. the. nobility inereases. |

‘Care must be teken when alloying certain metals;

as..their physical praoperties may .change.

(B) daxibale pRotoisn,
‘Thiéwfbrm“of pxaxéotion.magmbgreffecxedﬂin.two-
ways - (i) by galwanic aetion and (il) By  impressed polar-
“mizatinn.byzan;exmernal_ﬁéttery on.genanatar;'the.iatmer‘
being more. easy ‘to qontnblﬂand.cheapen ta use.
Both these methods employ the same basic principle.
the. metal. to bhe pratected is comnected to a source of

electrons and. is. fleooded. with. a. high electron concentration.

(9)




Consequently metal ions are hindered from. crossing the doumble
lé&ér.inimgsolurinn_by.the;adver&a.elegiricalﬂpatential.;»;
gradient and the serap mebals; nol the mekal being protected,
digssolves. (Fig. 4.)

This method has some. disadvantages -
i) Excessiwve alkaliucagfha grnduced.causingrcomngsion.pmaduqts
to coat. the anode and stifle any protective action.
ii). Any. stray curmen$ﬁ:¢guld.affect.other.mexalﬂétnucturés

1n the vicinity.

2) Kiﬁetic He}mddm
(a). Poisons.

Normally. ﬁhe most commonly. occurrlng cathadic. reactants. are
hydnagsnllona.and dlssolved oxygen (not. sa with. aedox """"
reactidng) . |

2B .+ 2¢ —H, (q) ()

Qg_(dls.) 4+ 2HoO. 4 de —> 40H™ (_2)

P01sans Qperate by preVsntlng oné. or. both. of these. reactlanso

Bg. H&dmazina,paisona,meacﬁidn” (2). by reacting with. the
digsolved oxygen hefore it reaches the metal surface.
N H,. + %0g — 2.N0; + 2 .H'+ HO.

| : . :
| Arsenous oxide prevents reaction (1) by converting hydragen

|
adsorbed, on. the metal. surface to. water.

Ae,03 +-6H(ads)->2As + 3H0.
(b) Anodic Protechion,

Some metals hana‘stable.&nd insgluble corrosion

products If thﬁS@'pﬁOﬁuCtu coat. the metal with a layer

1mgermeahle %o the‘cornqdmng medwaw the metal will, be
(10)
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protected. against further effective corrosion.. . Lhis
phenomena. is. termed passivity.

Anodice. protectiopn. induces this. state of
passivity (ef. cathodic pratection. where :meunlty is
indgned}_an:tha.mexalu_..ﬁn'alegmrig@curﬁehiuiﬁupasgéd
which@hniﬁggfthehmemal.tovitsppassixemzanﬁhLEigﬁﬁg1wh@?e
nameﬂfenxixeﬁcunranx.flemﬁmm. 1L mh@“gaﬁsima.filmhhnagks
downa}it.mnsm.bernenewgdﬂM@mx,égisklvaaxheﬁmia@uaexefe
gittingﬁéggpqsionﬁwill.chur.

. Thishmethad.hasﬂthgudisadnantaggA;hax.in,some
cases.wemy.langg”initigl.curmenha naad.tewhemﬁgsaed.to

induce. passivipy.

(¢) Metallcand. other coatings, -

Matammgaaming§_fallgintq.angdiswan.caﬁhadic.categgx;ps.

(1) Cathodic. Metal Coatings. ~. the. base metal. is. coafed
with. a more. noble. metal. (eg.. tin or chromium plating).
whis,has.thewdigadv&nxagghhhah unless. the.
ooaming,is,loo%heffenhiug;.veny.saver@.gimtingfmilL.tahe
place.... Hancéuthe‘cathedigvcoatingymmatmhewunifnmm@“npn;
perous, and must not be subhjected to Lreatment likely to

it

causewcnaakingpgﬁ.the.Qqa$ing.

(1i) Anodic Metal Coatings. -.in this. case the metal. is
coated.with“awmmnaHactimeumexaLHQQQP:ancqabadﬁimoh)m.W.If
a crack. appears in. the coating,. the. coating. dissclves and
no. pitting results. |
'The:saﬁehpmingiplea“agply"taiméxallicgbgged

paints.
(1)




Apart from. chemical conversion coatings. (eg. the
metal&.nkideﬁuchromata“or.phos@hate)v the most common .
be added fillers such as ashestos, grease, paint, etc,
| o t'These;;aatingS'apgrate:simglyfmm inmerpﬂSing:a 1a;ge‘
‘resistance {ca. 10° ohms) between the. anodic .and cathodic |
sites. so. that no current flows. . It also exeludes water .apd
okyggm.fnom.the,mexaL‘sqrfage.

(d) Filming Inhibitors.

These inhibitars fgrmua.banniex,‘iaalating‘thewme$alkfmamwits
environment... . .Agginnth@y.ﬂall.into.$wartypesur.anodic.ahd'
cathodic.

A1) Anodic Inhibitors -~ these inhibitors de-activate the

active (anodic) sites by preducing a passivating oxide f£ilm
on the. metal. surface where ¢ations are formed.. . These
inhibitors. are. gradually. nsed up.and must be replenished,
bacause.belom:a»certain.cri@ical.cmnganmxaﬁion,oﬂ inhihimor,
severe pitting will take place.  Examples. of this type are
nitribe and chromate ions. o

(ii). Cathodic.. Inhibitors = this,type.reliﬁsaan‘gsnerai

coverage of thevmeta},surfaqeﬂand.atifling.the.reaation.at
the.caﬁhgde;m“.ng.ﬁﬁbiearbanaxeﬂian.ﬂﬁﬂg. leads. to. the
pnesig@iaﬁionuQf”a“carhqnatemfilmmundar_thenalkalihe;gaxhgde
cohditioﬁs. _ | |
| 0, + 2H8,0..%+ 4e ——= 40H"

HCOy + OH =—>[g0l" . + H,0

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

(12)




(eg. benzoate.lion).

(e) Vapour-Phase. Inhibitors.

Whan;the;cmmragiya.enminonment.is,a$mmsphﬁnic.and
ngt.so“amﬁnahledtousoiublgminhihiiama¢.airwhgrne.an’ﬁaggur;
phase inhibitars. are usgd. . Normally these. are used. for
préteatingnmehalsuheingﬁfran$§pm$adW,. Lhey are. essentially
soluble filming inhibitoms consisting of nitrite, benzoate,
ar. carbongte anions atiached to "parachutesl of a. suitable
heavy organic éatian, .'mhepinhihixom slowly evaperates and
protection is afforded from bomh.tha;anianhand\eaxign;

(£). Adsorptioh Inhibitars,

These substances, when added to the. corrodent,
pnct&ctlthe-mexal'hm,adsérbingigmﬁtm.the,metal“sumiamﬁm. A
large nugbanfaf‘grggnin.inhibitgrs fallhinxo-thms,camegpry
and the complete mechanism of probechtion is. not yet fully
understead. It is with.this. class of inhibiters that this

thesis deals.

T.%. Theories and, Meshanisms- of-Inbibitilen,’

Inhibiters. of. acldic. corrasion were known. as. far
back. as. the middle-ages. (9). when master armeurers added
ongania,grqducﬁa,Qegmhflgunwaﬁdmyeast} t@.acidhtoLnﬁmove
scale. from metal. articles. .Baldwinn(lQJ.ta@k,éutyﬁhehﬁirst
gg$ﬁn$,whenwhewprapQSﬁd”aumixhuxehQﬁ molasses. and. vegetable
Qilmasman“addimixewdumingvth@.pickiingwQi“inmn;sheetam In
1872MMananggni.and;Steghenellingll),said.that the. corrosion
oﬁmirom“inwacid;smlumighﬁvgould;bewreducedubm.add&timnhof

hnan$wg;ueQandpg@la$inﬁrte the acid.

(13)




After this time there. have Pgen many. reperts of
ccmpmunds,whichmacxsin.a‘similan”wamw;. “he list. includes
sqlg@idea@?aulghgniﬁﬂsw sulghmdﬁﬁw,sulphgnicwacids,.eét@rs,
amines,. aleohols, aldehydes, nganic“baaear1qginolina$;uand
thioureas. . ‘iHese inhibiters renge from. simple struchural
Qnesugfmnmiﬁ“@cidg to. the wvery complexvQn@snkaéximagg).ﬂ
Calloidal.inhibit&nﬁhkeggﬂalbhmanr\tannin}\hame”alsnlheen
- reported. | j .

As the range of inhihifors is se. large, it is not
surprising. that no. single mechanism. has. been postulated. for
all working inhibii:gré. - |

Putilova‘atnal.QQQ distinguish@dpheiwaanmtheutypes
of inhibiters ; |
(L) Lype A - those which acted at the metal.surface.

(i1). Lype. B.~ those. which affected the media,. eg..-sulphites
deactivate the.carrodenmhbywchbining%wimhhthewdiasolye&
oxygen. |

Lype. A.. can.be categerised still. further -

(a) Passivators - these act by.assisting. in. the. formation, of

a.pratective.coating$kegw phosphates) .

(b) Immunisers. - these usually delay the onset of corrosion
by acting with the corrodent. in. some way.. . After being
cansumed,. corrosion. can. occur.

(c) Adsorptién Inhibiters. - this is the largest group.and. it

is with. thlS elass. that.thlSpﬂhaﬁl& deals.
¢hese Thres prerequlﬁltas of an.electrochemical
corresianwprqcess are. a-condngtloﬂ pakhy..a.-potential

dlfference, and. the.. avallabilitx of electrode reactions for

(14)




camryingnqharg@s,agxgssuthe.mexal/smluxignhinherfaca&hlemlﬁ)a
So an inhibitor may act by increasing the true ohmic resistance,
or by interfering with the electrochemical. reacikions.

vhe first adsorptmonctheary af 1nhibitgm agtion was
pnqpmsad by Sieverts. and Lueg. (14) after. study¢ng.erg@nlc
1nhlbinena4§egw.am¢nﬁs).1n;ﬁgx and. HaS04 .. 4hey. said. that,
at constant. temperature, the. protective power. (#) resembled
the.adsanption”isothgfm.

z = atho
where. C..= con@entxatian.bi.xhe inhibitor in. the. acid

a and. b are constants.
1hia could. nokt, however, explamn why. certaln,inhiblxmrs‘anly
operate within. certain. limjtﬁ (15 16) .

Kreutzfeld.and. Valpert maintained. that inhibitors
formed. a«contlnumua.adsorbed lnsulatlng.layar .on. the. metal
surface. . Schunbert..(17) . canalyded, from._his. studles of
lyophiéicmnallaids,wthat adsom@tlanhtgmk”piace.mnmthamanadic
regions. of. the metal, retarding. the transfer of metal jons
towthezsalntion. | |

Hackerman et al (18.19) conceded.that. organic
inhibihgps.apghgffﬁcmive by,virxueMof thgixﬂatta@hmﬁhiﬂtozthe
metal.surﬂage%wadheripg,eitn@r.hy phyﬁigalmon"by,chemisarptipnc
Iputhe“case;af_phxﬁicalua@sgpptipn@wthaMiphihitingwaﬁfects
m“wpuldhpesumkufrﬁmsﬁhe‘dggneaseﬁ ability of the corrosive medium -
tqlpgagﬁhthemmg$a;“sun£gcem Thiswmayhshquitﬁelfmaa.an |
incneQSgwigifi;gmpegia¢§gggvﬂhygrogenwox@rvoltagg%,QrJa

diffusion..controlling. step.. The. chemisorbed. species wanld
' (15)




‘access of
alse impedefthe. corrosive media, but also decrease. the
tendency. of the metal ion. to leaye the metal. surface. (20) .
They also. proposedvthat the. nanmpolar m@leculeﬁ_can be
lncludedwlnmtheﬁacmggaxy;anﬁaf.thg_adsarpgd,lam@n,.pnaduﬁing
éwanehcbm@;emehoaa$inggap.;heimgtalfsupfgcgmn .$his»c@uld'v
explain. the enhanaadfproh&@tivehg@weﬁ gf"technimal.inhihinprs
ﬂQVEﬁ the;&ame.cheminaliy,Quméhinhibixnrﬁ'izl).

~ Chappell, Roetheli, and McCarthy. (22). after
studylng tha effect of qulnpllne&ethladmde on..the. cathndlc
and.anedlcugglaxlza§1an of ;nqndand.sﬁag}“lnmN«H@$04 |
consluded;xha@.tpg,ggxiggmgﬁmthgf;nhibixqmmmgsﬁea&@gdic._

ihe“esgenﬁialLfeatupga,af.thia,aathodic.theomy_&2§W24) were

. tﬁaxmoxganichinhibitg&snape%ggpgblehwaqumin&.gn&um%;pns
and.so. exist in the. acid mediumas. cations. These are
cathodically .adsorbed by el@cﬁnoshatiQ;attractiaﬁg‘anduﬂ¢rm'
a. MblanketM on the Qathgdig“areasmh”.Ihe.adSanxiQnéthes
plapeyinwsuchuamway_thatwth@wnixmaggn»atthiswdiregﬁly‘
attache@ﬂto themmatalhsunfaagMW< $hewresulhingyinhibi$or
z,fi;m$pﬁéégntswhydrqg@nmiqnsmfpgmf?gaehingmthewaunfané;without
ac$uallyhghagg¢ngh$hﬁ‘m@ta;waurfaceﬁﬂ- Variauaﬂdegpaas\of
inhibition. are obtalned. depending. on. the extent, of |
adsorption, the.closeness q#4pgckingﬁqﬂmthawadsmnbedwfilm,
.énduthe¢eross%aaptionalﬁara§‘ofnthﬁ*mal@mulém. ;Eyangg(;Z)
$q@pamtingvthawgamhuéi¢,thgqmy, cansida:edwﬁhewpxaﬁeamiveA
aatign“oﬁNcolloggwiphibi$@n§ﬂnq:dependhanwthe¢scneeningfof
cathodic“sixes by paﬁitively charged inhibitom particles.
Mﬁmy aalloxdal partlcles become posmtlvely charged mn.a01d

solution. but neg gatively Vhanﬁed lnda]kaline,goiutlansa

(16)



Hence inhihitionugcsurs,pxedqmiﬁanmlxhin;agid.solu$igns.
However, they didvnam;find.thatﬁtheﬁingreaﬁﬁuin‘hydxggen
dvervoltaggﬁ increase in patential of the mebal, and .
ﬁatan@atign,ofwthggmatal,diasalumianum@meupxoppﬁkianal to
each .other. |

| Hewever, Mann‘(25) ‘stated. that. organlc inhibitors
anratad,51mply hy imposing. a .large ohmic. resistance. at the
metal interface. = Resulis. .on the measuring of £ilm B
fesistancgs.ane\mgry.conflicxiﬁg,ﬂ,.Mﬁchms&zﬁ)‘faund.a direct
gg}gt¢qgfbemwe§nlﬂilm{nggistange,and inhibitinna maintaining
that ypep_ﬁhegfilmlpgsigtgpc3.reashes a value of 3 ohms,
max;mu@:eﬁficienﬁy-was,optainad.reggiﬂle&s of inhihitor
concentration. . Bhodes and. Kuhn.(27). also. postulated that
i;wthﬁﬁﬁhmmatianfhffafﬁiimfat:thﬁ:nathadic“Siﬁeﬁ?ingnaasedﬁcell

reslstance and so provided protedbion. ..Backris and Go:nway‘(28)i

found. négllglble film. resistance and. congluded that Maghu's |
explanation of 1nh1hmtlmn,was.thh;y\lmpmabahle.
There«are.sevapal"abjactinnsrtn:the simpla cathodic
theory.  Hoar. (29) and Mears (30) stated that the polarization
measurements, 'on which the. cathadic. theory was based, invalved
qﬁite.highwaurrentﬁdenéitiesﬁaﬁdmwane, therefore, not relevant
to. the. conditions found in..corrasion.’ - In. 1914 Mazzuchelli {31)
faund“that‘cmmgonnds.of the quinine and quinoline type.
increased. both. the.anodic. and. cathodic polarizatians.
Cavallaro:gﬁz) stated. that. at lcw,cunrent”denaihiea_a.numpér
of inhibitors. affected bhoth. the .anodic. and.cathodic reactions.
Putilova et al (9) said that all arganic inhibitors wmthout

exceptlon act as polarlzexs of the anodic processﬁto a

)



-gmgaier,extenn than.the eathadic.ané; and that na direct
nélationship.hétween.effectimenass of inhibiltors énd the. rise
" in hydrogen overpotential had heen found. . Makrides. and
Hackerman (33) showed that inhikitors operated inder .strongly
oxidising conditions and so the mechanism of .inhibition
could. not. be. cannected with the "polsoning!! of the hydrogen
deposition reaction. .. The addition of most inhibitors causes
the rest potential to mave more moble (34).  Hoar .and \
Hackerman explained this on. the hasis of predom&nantly Anodic
polarizatian, stating that.mt is very difficult to explain
on the cathodic theary of inhibition. Also the eathodlc
‘theory does not explaln why certain inhibitors are speecific
in their use = .eg, potassium thiocyanate inhibits. the
~ corrosion of aluminium and iren, but. stimulates the corrosion
ot cadminm and zinc. . By modifying the original aathmdlc
theory, Bockris (35) and Fischer (36) were able Lo explain
-the.sgegificinx”afminhibihons,nbu$ they were still unable to
explain the. ennoblement of the rest potential.. - Mést
#upporters .of the cathodic theory gradually came over to an
adsorptian th@ory.
The adsorpiiof theony, prnposed by Kuznetsov and

Ibra (36), 1g based on ‘the addition of positively charged
ianaﬁxo a corrosive media leads.to a retardabtion.of the
-cathadic.and\angdig<ppaaésaes when adsorped: ..but the
inﬁraduntion‘nf.negaﬁivaly.charg@d particles accelerates
them. 'uThana,areﬂa larg@'nnmﬁaﬁfofuexceptians to-thgt

-statement - .eg. anions of many organic acids are inhibitors
| | (18)




in neutral .solutions. Putilova et al LQ) stated that the
protection of metals was due to the farmation of a lager of
| nrﬁduché§9£fth&.inbihimgn,.the metals, and the inns.mi.&he'v
corrosive medium. | |

‘Hackerman et al (13,38 ~ 42) and Hear (45).have
tended to support the theory .of Rhodes, Kuhn, .and Machu
that the adsorption was general over the metal sunfagé.
Whereas. Rhodes, Kuhw,. and.Machu regarded it to be mainly
chemisorption in nature, guoting the relatively high heats
of adsarption and specificity of adsorption to supppmﬁhthis L§8);
‘: The chemisarption ( snd thersfore anodic polarization) was
agsumed to be far greater than.the physical adserption (and
‘hanss\cathodic,pblarizatioﬁ), . .The mechanismlmf.hﬁnﬂing’is
~that a link.is formed by the donation of electrons by .the
"honding atom of the:inhibitar.mnl&cula to. the d-shell of
the electronic orbit of the metal. The chief evidence of
this comee: from the effect of structure on inhibitor |
efficiency .(44). ‘

' Framkiﬁ (45), Antropov (46), Brasher (47), and
Der(48)‘have.allasuggestgd'tha;.adsmrpximn,,and,hance

inhibition, .is influanced:byhthe;gatential\af.xhe metal in
its envlronment.. This. theory involves the charge of the

' metal surface rather. than the potentials of xhe hal£,géils.

| N When a metal is in equilibrium in a solution there
is,a‘ggﬁential difference between the metal and the solution.
4 Héimhulﬁzwsugggstad.that tbis is due to twa parallel layers

distance relationship is shown in'Eiggﬁ, '~As the capacitance
- (X9)
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varied with electrolyte and potential ‘dﬁ:ﬂi’ﬁ‘.ﬁenmg} this
theoxy was nod wholly satisfactory.

Gouﬁr and Cha@man proposed that every i‘on. in
solution attractéd an ion of opposite charge, and so' the
pesultant diffuse layer was an eguilibrium betwesn the
electric field of the electrode and the thermal kinetic
;t'amés of ‘the Bolution. .This theary, bowever, did not
agree with \mactiucal cbservations of potential and
capacitance. o |

Stern then postulated that the :i.nté.ni‘.ac.e could: be
treated as two series capacditors ~. the :ﬁ‘elmhn;l.-:hz doubl.e
- layer and a diffuse layer.

| As the Stern model is not Wlicllly satisfactojy,
Grahame (49) proposed an extension of the .Stern model
Although both anions and cations cah. be. addorbed by forpes

other then electricel (eg: Van der Wagks or cheficsl) enions

are less strongly hydrated. He claimed that the non-
~ ellectrical forces: are. chiefly operative for anions which’
-bacome *ad.so.nb@d. with loss of .ﬁhé;m 'h;,,r.ld'.mmgn shells. .The
Shern layer ds then comppsed of two parts.- a relatively
thin siurface layer of strongly adsopbed anions -mho;‘sa‘ centres’ ﬁ‘
of .chénts,g,,;ag,li.e; in a plane (inner Helmhqlt.a. layer)., and a
Stern layer (outer Helmholtz layer) iof hydrated counterions
whose. centres of charge lie in a planeé and whose ,éha.r.gg\ is
gmen.» by the Stern thé;o.m..,. Electra~chemical peactions at
the metal interface are affected by the distribution. of
charge,, potential, and capagity of fnterface. -

| - (20) |




Frumkin (45) , intrgduéing his concept of zero-
charge potentlal, supposed that the lonla adsorption . depended;
on the sign and magnitude of the surface charge at the mexgl/ 
solution interface. = Under corrosion conditions if thezmétél'
surface is negatively .charged, the adSanﬁian af cations is
most probable and wvice versa. Adsorption of both anions and
~ cations is possible when the charge on the mgtal-iélZng or
very small.. The sign of the surface charge is given by -

Q = He - Eg=0 |
where E, = potential under Qorroaidn.conditicns.

Eq=o .= potential under the ahsence of any
charge. .Eq=0 is the zero-charge potential of the metal.
Both potentiais must be measured on the same relative secale.

Charges of similar polarity in the Helmhmlmz doublé
layer Eend to oppose the attrackive forces,~causing'sun£SCé
“tension. A change in potential at the metal/solution
interface caunses é,changg of sﬁrface tension, and when there
is no charge on the Helmholiz double layer, the surface
tension is a maximuam. The zenawchatge ﬁgtantial is the
potential at which this occurs. ‘

Antropov (46), saying that all metals behave in

the 'some manner at the same @ﬁpotantlal, claimed that lﬁ the '

electro- caplllary propérties of a aubstanoe are found for
. one metal (for convenience, merLury) it is possmble to-
: estlmahe the adsorptlcn of the same suhstance an another

meatal pnovid;ed the patent;l.al oi‘ that metal on the. Q-— scale

is known. ElgWZ, shows the electrocapillary pngpertles of
(21)
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mercury. = Strongly adsorped anions depress the positive branch
of the curve while strongly adsarped Qatigns depne55‘$he
negative hnanph; |

Antropev (50)° said that, in corrosion protec¢tion,”
the change in structure of the electrical double layer due to
the inhibitor is as important as the effect of a purely . ..
mechanical‘gc&erage of the metal surface by the inhibjitor
particles.’ |

The electrocapillary curves for solid metals are
mﬁna.diffigult to obtain. The usual methods are to study the
contact angles of gas bubbles on the metal surface and also
diffaﬁantial capacitance measurements.  Brasher (4%),;us;ng
these. technigues said that inhibition both in acid and neutral
solutions was initiated by adsorption and that the patential
of the metal.on_the\yasnale was the criterion as to whether
adsorpbtion is posslble. |

This theory is not without its opponents. Pandey
and Sanyal (51) do not consider it useful for inhibition
ewaluation,;althau&h?ﬁienzykawska.(52),belieyﬁs<the,£heary
a. useful. one.’

Gatos (53) introduced a palaragpaphic‘methadgfor
evaluating%inhibixnrfefficienqy., He dehermined the §umrent/ :
potential relationship for the mémal anode and a;dropping’

. mercury cathode. Aé the potential increéSéd,;the,cﬁ%ngnt
increased, reached a maximum, and then dropped to a limiting
current value. Gatos said that inhibitor efficlency ﬁasi
related to the peak thainedﬂf the greater the depneﬁﬁion

.~ .QF the peak the more efficient the inhibitor.
- - - {22)




More neoently, Ariz and Din (54) used. the reaction
numher (R.N.) to determine 1nh1b1tar efficiency. A metal
of - spec:flc area is dropped.into a definite volume. of HCI

and .the variation of temperature with time noted.. Thgn,

R.N. = ..EM@;T”=TWQ¢

Whenenwmaﬁ.and,Tiniﬂavmaximmmganduiniiial,temgexatunas.pf
a the solution.
t = tlme taken to reach Tmax.

A high R.N. value constlbutes an. eaglly corroding metal.
By: adding, 1nh1bltor to. the acid., ltS afficiency as an
1nh1b1tor may he worked out. They saild: that: weakly
adserbad 1nh1bltars increased the tlma factor, while
strongly adsarbed inhlhltors prqgressively decreased Tmax

Adaarp$lon” whether it 1s.elentroahaxlc, specltlc
or chemmcal oi the inhihltgm on.to the metal surface is
the primary condltlon fom metal protection (55), although
vanlous.machanlsms,dﬁpendlng.,onnthe.metal.condmmlons.and
t@e_enxironmeﬁhal conditions have.been observed.
| - Foraulls (56) working wmth.amlnes on the corrosion
of 1ron, copper, nlckel, and copper/nlokel alloys, connluded
tha$ﬁco;poslon;degended.op;the.metal, acid anion and. the
naxure of. thHe anidn. in dolution. - He also postulahed:that
?hefgdsamgtianjof the‘aminafis{in‘theﬁcationiaﬁformlas |
oppoSed to: the free amine form. Balezin (57) stated that
iﬁhibitign resulted from adsorption, and suhse@ueni, chemi-—
sorption, of the inhibitor on the metal surface,but the |
~ formation of the protective film depended an the e

cancentrations of ‘the inhibitor, oxygen, andoxide filmi
{937)




Snyder (58), when working withxsuhsmituxed'_

' pyridines, anilines, and pyrndlaﬁi determined a small
positive. charge on the adsorbed hitrogen atom.. This
supported thgh%camplex theory of Klemm. who postulated.that
remainder of. the adsorbate attached locsely to the metal
 surface. 'Intenéqtign‘bgtween:the.nitnogen.a$om.an&.the'
metalfngsulted‘fppma@;chargghtran8£er complex. formation
inyalving thg‘ni$nhggan nﬁelegironS@_n IaQALSQJAéaniimmed
these findingaiand.éd&ed;that, onvadSQrpxion,.ayhyﬁtophopict
surface film was formed on the metal with the hydrocarbon

chains randomly orientated. Roebuck,and.Rritchexx,séid

nitrogen atom by a polar linkage (60).

. Duwell, Todd, and Butzke {(61), studying
acatylenic.alcahgls‘as.acid inhibitors, coneluded that the
initial adsorption step was through the electron%ricﬁ.
acetylenic linkage to form a rl;bqu. .

Mur&kawa.gnd Hackerman Q62) studiad.the_adsoxpﬁigkv
_qf organiecs in the;acidic gorrasion‘of.iran,, The efficiency
'qf thg.inhihitgﬂs.was greatly influmenced by the anion
prgyiqusly\adSanad.on the iron. Adsorpﬁion«was hax,almays
diregﬁly onto the metal, bum,viaAanLalneady.adsanbéd“ipn.
Hackerman and. Snavely (63) found. that thajsynemgigxic‘effggts
of aniens and. arganic. cations is. greater than could be 
egpgetgd by a simple gh;ﬁt in gqhential‘by'anian;adsantipn.
?higﬂwaszaﬁtp%bgtgé to the.stabil;za@i@n.giwthe.adsan?edh

anion layer by organic Qatiﬁn&, pessibly by co-wvalent honding.
‘ 1 {24 ) : )




Molaaular structure of the erganlc compounds play a dominant
role in the dagnee cf enhancement of the inhibitor by the
foreign anion with the greatest enhancement coming when the
éninn and énganic.aatianfshaw.aﬂtendency to‘electnon&géir
band;ng;niziqfa (64)., studying the influence nfﬁangané,'
found that organic cations were poorly adsorbed on to cobalt
apdmwene thgnefana.ineffectiye.iphihixonsm :Inmtherpnesence
of foneign,anionﬁ their adaargtinn.incneased; A simdlar
gfﬁeét was.fquﬂd,with.iranA(65), These ohserwvations were
attpibgted to tpa_fdpm&tiqn‘ai a me@al%gnignxdipala, thé

negative sign of which acted as an adsorptlon site for the

orgamie cationic inhibitor.

~ Fujii and Kabayashu Q66), Studylng_mercaptans,

S&ld that corrasmqn inhlbmxlon_occurrad in. two. steps ~ the
dehgdpa@ign a@ $hg mgta; suzface by hydrogen brldging«and
tpgpupha\adgoxptiq@ on. the metal. surface... The. filming
propertias‘0£ the mercaptons are impnnmed when used in |
conjunction with strongly eleatronwdonatlng suhstances Lesters
or alcohols) _ |

o Barratt (66)., studying corrasion inhibitienwith
ra@;oastixe.am;gas,hghQWéd.that.inhibixnrvfilms.axe.not
spgtic Llike pnqte@ﬁime coatings@ The density oi.theqﬁilm
changes and "active! areas move, .causing a redistribution

of inhibiter. ..Over-treatment with inhibitor can resuli in

thg.fdrmaxicn of & film‘caﬁable of hnidiﬁg water in a tight
:emumsiqn; Such a.fllm Would offer llttle, or na,.pnqtection

to the metal substrate.-

§25)




. Tehe BEfFsct of Flow. .

o \(a‘) Q?;_L;L@m@ﬁzﬁa}rygﬂydmaynamic Theotye
- When a fluid flows through a tube or over a
surfaae, the pattgrn of flow will vary with wvelocity,
physical properties of the fluid, and the geometry of the
surfécem; This flow was first examined by Reynolds gﬁ?);
He studied the behaviour of an aniline dye injected into a
glass tubé thrqugh-whieu he controlled the water flow. = At
low ?;qw raﬁgg, theudyg.remained.atltﬁe=axis of the tube,
;ndiggting.that flow consisted df-indé@endént parallel |
streams‘ As the flow increased, inshabilities began to
form 1n the dye stream and at hlgh flow rates the dye
stpeam.brgkg.ug and.mixad wixnﬁthe.hglk.of the water.  The
rate of this,mixing innteased:withhinénﬁasing.the,flow. |
The polnt at which mixing commenced was. dependant ™
on. the velocity of flow (V), the pipe diemeter (d), the. fluid
densiuy,y@), and the fluid viscosity %x)o the critiecal
velocity was pgedictahle.by the dimensionless ggaup.%%gu,
known as Reynold!s Number (Re). The lowest eritical velocity
where instability of the dye commenced corresponded to
Re = 2,000 and the upper critical veloclty whene_mixing:was
gﬁnepai corresponded to Re = 2,5Q0@' -Beigﬁtixem= z;ﬂdﬂ,;the
water flow was said to be laminar or sﬁﬁeﬂmliné.&ie;tharg.iS»
' .na hu;k mation of fluid perpendicular te the pipe axis)
whereas apaye,BaT# 3,000, eddy cuprents‘Wenevnesgaﬁsiblalfor-
'@ha‘tnansmem&e.mgticn;ef'thﬁ.water\and a stake of tuﬁbulence
exismedm\ Beynalds‘defined,turbulenca aa,a.nandam;sinnpuS'
fluid m@tlan} but = Hinze (68) thonght a more precise

(26)




definition was "an irregular cénditiaﬁ of fluid in which
the vaniaus_éuant$$ies ahaw a random variation with ftime and
space céamdinataﬁ, éﬁ“ﬁhat statistically distinct axenagé
. values Qan_bardiﬁgannédﬂq"

 ibove the critical velocity Reynolds found hat
there were two types of flow: -
(1) Water entews the ?uhe smoothly and free from eddies. |
(2) Watén enters the tube in a smate.af.yinEnm mgtipn.'
In the first cdagg fiow was smooth for some distance hefore
turbulence set in... In the second case the violent motion
died down to give either fully developed turhulent flow or
laminar flow. . o
o Iﬁinge (68) éxplained this by:thefexistenna gﬁ.two"
forms oflturbulsnae:4
(i) Wall Turbulencé.—.ganaratad and continueusly affected by
the tube walls.
(ii) Free Turbulénceu; turbulence in the ahsence of walls.
A term_vpseudo;turbulenge,is also used. . This refers ta'the
hypothetigal.cagg gf £lowAwith a. regular patbtern that shows
a distinct constant periocdicity in time and.sgace.' -

Typical velacity profiles for laminar and turbulent

flow are given by Fig. 8.

When a fluid flows. over a solid surface, a
velocity praofile is set up perpendicular teo ﬁheadinection.of
flow due to thevViscous: drag of the liguid. the fluid, in

contact with the surface will be. at rest, otherwise the
(27)
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velocity gradient and shear. stress at the. surface would be
infinite... whe.tnickneaa‘afithewboundary layﬁrnwiliwbe a
function of distannauﬁrdm;thg.1eading,edge,wbeingwzercnaiﬁthe
leading.adgeﬂandminereasingpaa.distance~fnomwthe;leadingwggge
increases. o

‘ At a certalnNintlcal boundary layer thickness. the
flow changas from. lamindr. to. turbulent... Prandtl (69)
pastulaxeahthat ln“fullyndemeloped.turbulentnflomvmthe
velocity. of the fluld.adjacent to. the wall.be. zero. and laminar
in nature.. This. layer will bhe.extremely xhin.and“terméﬁﬁxhe
laminar sub%laganwmh.Ahanewthisﬁlayen was. a. transition region
bexandpwhighhxheuflcwhwaavﬁullyrtumhulentmﬁ -mhisﬂtransiﬁéon
regipnwis.tarmed.thelbuﬁmer layer (Fig.9.). |

.FlQW'ln,NQnrﬂchular Tubesu:
leuradse(ISR)carrled‘out experiments. ln.nonrcquular

tubes.. 1he»mamn*dlfienencembetweenﬁclrculankandwnonmcircu;ar
tubes.was“that\th@wisataehshﬁlinesmdﬁ.equal.melomixy)”did;hbt
.wbepnmavmaunﬁsmm@n;passiqg«in;fmnmnthequunﬂarﬁ, hut. under the
inflnence of. the. tube wgll, had peaks extending inte. the ”
corners.. hjgpana$i'expmai@gdrﬁheﬁe:byﬁinxmoducinggthegiﬂea of"
- secondary. mation. gt. the coynﬂxgvin,gn.inwandhdirecﬁionhaQth
the$biseot@pwaﬂuthe-aﬁ@lehand«oumwands?algng.the.wallm, This
causes_tha“flaw‘to\baNtnreeﬁdimansionalmanthhe=secon@aryu
flow.increases:thg-sgeeqmat~the,cornans.. |

In calculatlng the Reynolds Number .for. ncn~cincular
ducts, the diameter. term is. replaced by - the. hydraulic mean
diameter (dm) which is defined .as -

(28)
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dm = 4x grosseqgtional. area
wetted. perlmetdr

For a square—51ded duct, _dm. becomes.. equal. to. the. lengthﬁof

side of the. duct. (70).
undar.\

- SRR - R ST
e S e S e Pl CANPEIFI S v | Sty

~ During.el@gtnqlixeﬂflomuggstma.mebalfaurface,'whieh
ig disSg}Migg,.thgyg;exgsxs near. the surfage a region in which.
.thewcdncgn;vamianlQf”neagting,specieéﬁisudiffenenxmfromaxhat
~in the.bulk“o£MSQ;utionmu,\This;regianmis“calladwthemmasé
transfer. boundary. layer. (Fig..10)...... Within. this. boundary
layer almost all the. cancentratlan changes from the. surface
~bo tha bhulk values takes place. Wixhplncrease‘lnmdistapce
from;the;legdlngmgdgg.gf ihe'ma$aiwsun£aaa, the;thickpessuof
‘theﬁmaas,transﬂerhﬁoundqumlaggrHinen@asesmduewtagipné |
diffusing from;thgielectralyté adjacent te.theAéurfacéw So
the. thickness. 1ncneases fromlzero at. the. 1eadlngfedga«to 8ome
constant value some way dewn: the metal: surface
(53 L2568 oF- HE0W 63-Cosronpon, |
It has been known er aﬁlong time that the. relative

‘motion of a fluld—over g metal. surfaece modifies the corros;on :
of. that surﬁace (71) A.lltxle,mohlqn“ﬁﬂald“mak@;a$¢ack
more uniform by .eliminating difﬂﬁnantial.aenétiénjandumeiél
" ion concentration cells. . Genernally, elag#xolx$ewm9§ion
increases. the total. weight loss. by supplxinggthﬁﬁéhmmas;yes
at. a. faster. rate and. also thinming the qgiasaenxiiaxgrs;at
the metal. surface,. making. it. easier fdrAcoerSives to. reach
’the metal. . Alternatively high veloeitbties may changa the

characteristics ef the corrosion products.. andkgreater

(29)




proteection. could. he. afforded, Wlth,certain‘allaxs.increaged
oxygen.su@ply may induce passivity or lncre&aa the. snppl¥ of
lnh&bitax.iopa-degd.sgggew NSQuthadappgsLte"@fﬁﬁg&&.naaﬁpe. 
seen with increased wvelacity. ‘,_n

When the VélOQltleﬂ ‘become very hlghx erosinn‘can ‘
pcecur and break dqwn any passive fllm an. the.metal.

ﬁawe&er, althdugh Qantradlctlonaﬂarefkgawn,-
corrasion is. increased with incneaéed.veldci£g¥wﬁiqh;4
gp;mapiljfinfluennés‘tha‘difiusionhphengmena@ﬁhaﬁinéwlig&le
effégﬁgon the actlvatlon controlled procesaes. (72)

Heyn. and.Bauer (73), studying the corroslnn,of
iron in . water,. foqnd that. the. corresion rate inaneased
rapidly with lncrqasing velocity, reachlng 8, maxmmum.at
0.0043 ft./sec. Subsequent. 1ncrease ln velocity caused a
‘d&creaseiinfcamrQSlgnatate»;f As. the tests were carried,out
by suspending iron. in beakers and. passing. water over them,
the actual velocxnles determined. would be uncertain due. to
conmectlongaurnents and.tunbulenca“&exqu@ﬂ&w.Frlendm474)
found similar resylts when he suspended iron foil ln‘glass
tubes, But he. obtained. 8. maximum. at O. 15 ft. /sec.? avww
max1mumhat.zm5mft‘/secfz and any inerease. aﬁter that caused A
a slight increase. in corrosion rate. . He.alse. stated.that in
aclid corrasion, .the corrosion rate was always. pnopertienal
to the velocity of. the acid flowing over the surface. w

. Speller and Kandell £75) 5 usmng,thehpn}nc%Plei
thaxfcexrosian,ia.diregtly,ppngmiionélwtaﬁxheﬁﬁiéaﬁi&éd
oxyggn;cangentramiop@.5§udied‘thaﬁeﬂféct_aiﬁﬁelocinxAin
s@ﬂ@@%@nM&mm@mMMmﬁmmmmaQ,@}Q#
(o) L




range 0.0043-0.10Q ft./sec. corrasion,ﬂalls.ﬂi;hinf$he xery
 low velocity range of the pipe and. shows. a .considerable
increase with increase. in. velocity. mCorrosiop,.;gﬁfhe
rang§4leﬂr—QB.o.ﬁt./secm increases.ﬁapidly:thnaugh_a ,
critical wvelocity and then more gradually,. flnally reaching
& maximum.. Apart from the main. cathodie. reactlan, they
stated thax‘oxygen“wasmconsumedmat"theimexalusumface_lnhtwo
wams;; (a) By degmlarlslng the. film af. hydragen.
(b) By. oxidising Fe’ to. Fett+, "

‘Anjincnease in. velocity bnoggh$,oxmgsn.into”mnma“in$im@te
.contaect with the metal surface.

| Russell, Chappell, .and White. (76) fonndmtham!the |
cofrosimnraf“steel<invwaygn incneaaedei$h,incneasingfﬁglgaity
over. the range used. (0. -~ 9 .ft./sec.). By sultably altering
the surface condition of the steel (eg. polished.surface,
rust—caated surface) .they found. it possable to. reproduce the
apparently conflicting nesulisuoﬁ.Heyn;and.Bauen,wand‘Erlgng.-

- Roetheli. and Browm. (77) usingtro$a$ibnal;m£lacixi§é,

studied the corrasion rates of siteel in,watenww,\As_the
?qtgt;gpal.speed;was‘inq:eaaed?,thg<carrosion;raﬁesincmeaﬁed
tqrafmaximnmg.@egneasadita.a low<value,fandwincneasadugo'a
somewh&t«highgr,value“aﬁ“highenumelocitiesm”'-Thiswmgximum
.was explained in ﬁerms-of two.opposing tendencies - o

(a). The accelerated transfer of oxygen.due to. a. reductlon
of liquid film. thldkness ' |

.(b) The inecreased rate of formation.oruferricmhydnaxiﬁe.»
'At.hiéher.yelaeities, the;cannasign‘néxehinaneasesuas,.duerto. |
(31) |
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erosion, the ferric hydroxide layer. becomes. nonrunlform.

They also. concluded that turbulence, which. is a. funatinn of
veloeiby, vessel.shane,.ande11qgldwpngpﬁntlea,wbgd,amm%;ked
effect on. the corrosion. product and tharefore“cﬁ*thé‘ééntosion
"rate. Wilson. (78). thought that welocity was: im@nmtanx in
determining. the. thickness of. the. fllm.thnaugh whi.ch. oxygen
must. diffuse. in the .corresion. precess. | - ‘

- Wormwell (79, 80) §tudiédfthe,eﬂﬂegﬁ@é%ﬂtoj@ting
cylindrical,sxeel.sggcimensuon‘the;canrosiangratesiingSea;water
and. other. saline. soluticns. .. Results showed that,. at. higﬁﬁ;
rotational. speeds,. protaction ef the. steel was due. to.a. fllm A
formed.on.the metal. surface.by. an. lncreased supply af oxygen.
Hatchmanﬂuﬁmce,&81).alsawshgwed,that the,etﬁeqtvqfqincneaa;ng
velocity.was.te~change thefoxygén.congen$ma$ionmgradieniiﬁgar
to the matal surface. | |

| Romeo et al (82) studied the effect. of metal
ccrrasion.fncmntheﬁhxdrqdynamiaal asngctwand.noncludeduxpat:
(a). Velecity alone was nnmwa:baﬁié.farpnornosiganiésxiﬁé
- results. under. hydraullcally different conditlgns.
-:(b) The nature of the corrﬁsixe medﬁmncuuld praduaaﬂdifferent -
jchang;ngfsolnhmlltlesgaﬂwmatalllcmsalta“at_diﬂfexgpt :,
~levels.
"(o).ﬁhenha daansianpprqduct.layemmwasnfonmedh.thewneactigns
leading to continued corrosion.would. take~plaae within the E
layer where. conditions would be very dmffenenm £ram these in
thembulkwflowf. “The. transfer of chemieals would be ancomplished
mainly, by dlffus;on

(32)
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() Veloeity and.plpe slze affected the. corrqsian rame by -
altering the supply of oxygen. and. other .chemicals 1n tha‘water.
(e) Four phases existed in the. corr051qn.praeeas - o
(1) Anodic. and. cathodic. areas. would. form. As there was. not
ygt,énx corrasion produqt fermed;incneasedynelmcixxﬁquld
generally increase. corra$ion.rate. | |
(11) Anodic and. cathedlc sites increase in.smze and.numper
and protective layers waould. form..: Corr051nn.would\fallow
some complex law, -invelving pH .and velunmty. N
(111) qu:gSmonmproduct layer was extended unlfonmly aver the
metal surface. _ .
(iwm) Corrosion proceeds at an almost unifarmwslam,ngga,as
long as there is no change inQenNirenmﬁntai‘Qonditions.-
(£) By assuming that an*lncreased supply of. cxygen.increases
the corrosion. nate and that corr031on produets.on the.metal
ame«&et.lm@@nmeable,.thg¢£@ll@W1ngycouldmhewdeduceg -
‘ (1). In turbulent flow in.rough,gipgs*.Ba%naldsmﬁnmhég“was
not a:‘criterion of similarity inuuarnosian”gnmaeasés.. |
(ii) In leminar flow in rough pipes, corrosion would
- increase .with turbulence. | - | |
(iii) In turbulent flow in smooth pipes and the. same. Be,
of the-v-eloci-ty1 wmth the same velocity,-the corros;an-wauld
by 1nversely proportional te the diameter raised. ta’ the 0. 125
.power, and. with the same diameter the. corrosien rate would
be proparticnal ta. the veloeity raised. to the. Q. 875Agower.
Putilova. et al (9) oclaimed that. the. suggestlon
made-by Whltman.(85), regardlng the.lnfluence Of tha rate

(33)




of access of oxygen to the metal sunface,;waafunaccég$aple,
sinceuthe_minimnm%‘shaminguaoxxosion‘as“a“fnngxinﬁybfs '
rotatianal speed5.ishalsamubservedfin.exgerimgnhéihangiedm‘
aut.in“salutions-sontainingmng.oxxgen.
| They also ala%med that. data .obtained from

experlments with c¢ylindrical .samples. rotating in the
corra31ve.medaa cannot be considered. as. modelling the
influence of. flow rate on:thewconrasion.@momessm 'Ross and
Hftchen (84): and. Ress. and. Jones. (85) have%alsg,sxnesséd
this peint. . When a sample rotates, .the rate of corresion
isVinfluenced?;nmihonly.hy.the moticn of thehliégid,hput
aiso by the properties whiahhara.Specificallxhasaaciated
_ with'fafany matianm Ratating the,samplesmcaugeé\” :
depglariz&ti@n:aﬂ‘the angdic.pracéssxand_conxénsely an
increase in polarization. of thekcathodic bfoqess

. Makrides and. Stern. (86) used rotatlng iron
cylinders to study the effeot of speed on the. dlffuslon
rate of Fe'tto the cathadic aneas qn.tha.speglmens* 1hey
claimed that the dlffu81an af Fe' ™ could be rslated to
veloelty and that.thg rqst.Qgtentlal.af.theaspeclpenwwas
unaﬂfaeted.by'the:speed.0£<rgta£ioh.in hydroggnﬁsaturé;ed ;
selutions. AR |

Ross. and Hitchen (84) investigamad.thé gffanx.of

| flaw"af;@gtaglanxthevelactrachemiqalghehayiaufxdfﬁtnbuiér;
couples30£'iran/eop@gm, carhon%ceppgn,,and.copnsnw$ﬁbes?of
different diameter... Wi@h.wamanvflowinggthngugh_ﬁhg_géll
cqn¢innnns&y,the.polarizatianfcunmes wére.ccnstruetedjfor

variaus_flaw;nates‘andnquggggconaantnatiqps.'
(5484)




With the iron/copper couple,_thefironmwas‘l
unaffected by flow-rate, but the cogperhcathnde,ﬁagpmade
mame”nﬂhleiand;leasﬂpglarisedpby.increased:flow;-

At Re.. = 4@&Qy.tha.axxgenhcontent-ufzthe“eirculamihghggxer
was allowed to beeome.ggadual;y exhausted_xw‘The.coirngion 
raﬁe,d;opggd.with decreasing gxmggn”cantenmgibutgthe‘m

Qisxinationhbetweenpironmanmdewandmcopparﬂcathademgersis;ed.

In the. carbon/copper douple,;the anodim;gnggﬁsges
on the copper surface were increased by inecreasing the
water flow. in. the lamingr.regien. . Under laminar flow the
copggm.anmdehﬁmtentialnhecqmeg,Lesshppsitiveuaﬁdwlgss'*
polarizéd but in trrbulent flaw. the anode hécomés énnobled
.aliggggﬁud@pdlanigahianﬁéamminU@d.

| ‘Expﬁriménts Wmth‘aoppgr.tubesnafgdifferenﬁjgiéﬁéﬁéféf
showed that anodie control was‘exarteﬂ.whene@ér“thewflow_
pattern was the same in beth tubes. When lam;pémwglow
existed in the larger tuheiandptunhulﬁnn.fldwtih.theusmal;ep
tube,. theﬁsmalleruane:bacomaa cathodic maathe;laiégggqﬁe.
This. is8 due to. the changehin«polarizaﬁign.characxariéﬁigg,of
thehcopgen,anodeuin,chaﬁgingwfrgm(laminan.taﬁturbqiehxﬂflpw;

The results. show the im@grmanaeuafpfluidwﬁaigcify
in"itsuefiectuon\the.cabhodicmgnaceasea_ .4It¢isw£airly,clear
that this.is. due %o theﬁdegxéev@iuanailahiiiﬁﬁNaiwokxgggﬁaf
the metal surface. This.is.given by - o
(&) _Laminar Flow.

N = D.’Al-g._ o

where Ny= thehnumhex;of_malaculaamaﬂ.oxyg@p+aana3§ a

boundary .layer of unib_aneawinmunit:xime.

{ =N




D = diffusivity of oxygen.
" AC = mean difference. in. oxygen. concentration
between the bulk solution and cathodic. equilibrium.
'SL.'= meanﬂthigkness.nf_boundarymla&er;

(b) Turbulent. Flow.

The. diffusional. transfer, under these conditions,
is helped by eddy diffusion (B) of the bulk solution, .So the
total diffusivity is written as (D.+ E)..  The above.equation

becomes.—~ Ny =

This rg@gesenxa.xhe.tnang%@rmoiwaxmggnwto“theycathode”surfgce\
in the turhulent. region.:

If it is assumed.that\oxyggn!iﬁlaansuﬁedﬁ%tithe
cathmde;by;a;napid.ang-;rreversibla_reagtien,ﬁ;d.épprg@qhes‘
the bulk\conaentnatidn.unless.the.boundary.layen is. very thin.
Withmthis,excqpﬁidn,.thé cathodic.depglanizatinn;ﬁatg:is
inversely pxgpottionai,ﬁo,baﬁndany,layer thickneﬁs.wbich.itgglf
is dependent on Re. -~ Under laminar flemiéghishlange
Iideélly it approaches the tube radius) .and the ca#hggic
depolarization is flow dependent. . Underwturbulent,flaw, as
§;is very much less than &, the boundary layer is a less
impmrtant.barrier,and;the.cancentnation.d;ffareuce,ﬂké, may
be less than the bulk concentration.. Both &y.andAC
decgease with inecreasing Re‘andwcathadic.deé@lamizétimn,may
be relatively insensitive to. Re.

The stability of the~ironmanade“wasyaxglained“by

the rate of formabtion of Féﬁ*

.at the iron surface always
equalling, or .exceeding, the}rate.eﬂ,transpantatianﬂby‘

diffusion, or turbulence,.away from the surfaece. . .As copper

o . ! =N




provided ions at .a lower rate, the‘coppEr.anQde ia,gehsitive

to flow.rate. The. ennobling effect ofl the capper under

turbulent conditigns was sald to be due to a passmvatlng efﬂect

of .oxygen, transf@nrea to the surface at an 1ncreased nate..
Ross and Jonesa .(85) concluded thaty. in the case of

corr051on of steel in stqm,the effect of increased velocity

‘was te;g@gglaxxze\bathﬁxhe,anadlc and.cathadmcwneactlgns, the

;Qtten t@ a greater extent. . Oxygen diffusion la;gggy.cauges

the .cathodic depolarizatioen. .They.alsg<foundhamaennain‘u

velocity when the corrosion rate was the same as*infs$a$ic

conditiens. -

| Donat (9) investigated the corrosien of .steel tubes
in cone.. H28q$.and,£oundwthat eorresion ratewandﬁvelbgity
were. related by - o
| 2 = 0.0026 \.aeo'.g

where‘/D corrosion rate in g/mthr,
Balezin”and,Onloxa\49)5‘WGrking,with:mild;stegl.in

H450 . 2 concluded that. the concentrationmof;thevaeidfh@a_no ‘_

effect onmthe_carrosion rate at high velocities.. .. Fdrnnnrmal

HQSQ#.thewrelatioﬁwbetween corrasionﬁrate.andAvelocity‘waé -

C = a+ bVvoe
where.C. = corrosion rate
V = velecity.

a and. b areqconS$an$s.
Venzecel, Knutssan,.and‘WRang;en,QSZJWmeasur@d;the
corrosion rate of copper in flowing salt. solution.. At very

high Re, the corrgsion of copper Was. v1rtually 1ndependent of

(37)




. flow velocity =~ the mass transfer processes being so rapid
that the rate-determining step is the ionization of the -
metal. . At low yelacities,.the~canroﬁion.naxﬁ“iﬁhlihiged

by the.rate“of“remaval.qf‘conrasionﬂp;oduats.fhom.fhemmatal
surface, provided that the supply of oxygen is large and not
ﬁate“datermiﬁipg. | o

Bukker and Stroud (88) also worked with salt
éqln$$on4andnmiL¢.steel‘tubes and‘£oundhthatbmorﬁosion.nate
fallowed - k.= Ke. V&
whereuk.aa.«gonrgaimnmpgte

V = velecelitby. |
Ear;laminanwﬁigwijﬁ 0..33 and for turbulent. flow
n = Q,,“Q_.,.:— 1.0.

Foroulis and. Uhlig (89) studied the corrosion .rate
of. steel in 0.35 N.HgS0, at.speeds up to. 4000..7pm. (3.5m/56C. ) «
ﬂhgir.results,‘similam.mqutha.eaxliexucarresggndingqnn@s,-
were explained by an initial inhibiting effeet of Qxxggn.on
the corrosion rate. . Polarization measurements confiymed that
small amounts of oxygen. increased .the .anodic pelarization,
probably by adsorption on. to the. anediec sites. Highér
qancentratians.of.oxyggnwcau&edJa“d@p@lanizatinnﬂaf;the

- ¢athodic areas, accompanied by an inecrease in corrosion rate.
Id the absencd .af ogyggnw.melegity is.wiphout.efﬂecm.becapse»
the reaction is controlled by activation. polarization -

| accompanylng hydrogen evolution and this is unaffected by

velocitby.

(38)




(e ) Effec‘t: _,@f E‘l@m 1. :anbitioﬂ
- Balezin. (90) stated tHat the effect of flow on

inhibitors .is to. remove, or vastly (.re_d.ucﬁe.,‘. their protective
powers. ‘this. has been. found. to be the Ac;-..a.s.e, ,i.n.u,gnaé.tibe .
Cr}ui'.a.r,oir (91) repaq r.i'..e;d‘. thai. when solutions are. stirred .the
a‘:‘;.il:\‘x;my. af ".inhihito.r.s. ta function is. .shaxi.?lm reduced.. . Beck
and. Heasert (92) -also. found. that the protectlve power of ’
colloidal inhihitors £ell when .the solutions.are stirvred..
This was. simply explained.hby .the removal .of.the .coagulated
inhibi#org; from. the metal surface.in the stream.of .ak;:,j.d-. |
Hatch. and Rice .(8L) siudied the. ..ezftf,e.chi-:‘. of sedium
hexame,taghas@haxé, {(Calgon) as an.inhibitor.in the. ,dohlxiié,s\i‘on
of. steel in flowing water. . .With untreated water, the
aqrrosmn rate first inoreases. very. rapidly as velocity
increases, and. then. levels. oi‘i‘ - w:.th..l.nhibii;oq:. .p;c.e,s.gn.t,. .at
gfthe.,...lome.s.t veloclty., . thg..‘;c,o.nno.sianﬁ rate. ism.&zze.aten than. with
untreated. water. .. .Then as. the velocity .increases a.nh:).b;l,tor
efficiency improves, but still the corrosion rate. .in,i;..i;éaaes.
grb higher wvelocities the c,a.rr.a‘sion...rate;..dmp.s gradually
-Incréasing the concentrétign of inhibitor has the effgct of
causmng the maximum. corrosion. rate. .to decrease and. ncgu.n at
a lawer veloclty |
The.. corrosion rate was. therei‘ore dependent on. the -
rate of supply of hoth. Q:ng,en and. inhibmtm: to.. the suxia,ce.
Hitchen (84) . attrihuted. this increased. inh.:.hl:bor efficiency |
at ha.ghex velocities to the. constant replaczement of

i!}hlbl.,.tan, ~.at the metal ...sur.;:ac?e‘.,. by .eddy diffusion ;trans.f?ez" .
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Putilova et al (9) repeated their corrosgion
experiments,. in.flewing acid media, in the presence of
hexaminewandwtriethaﬁolaminem <In%the.case.pinhexémineg at
the velocities. employed .(O.12m/sec. and 0.80m/sec.), hexamine
acted as an inhibitor at all. concentrations. . At«the.lnwér
veidcity'triethanglamine.asted as an inhibiter at all
goncentrations of acid, but at the higher one, it .acted.as a
stimulater at normalities between 2 and 4. .. Potassium iodide
Sﬁowedhthe sanme tendencies as triethanalamiﬁéLwhenmteahed.in
flewing conditions.

| Jones. (85) showed that at all. but the lowest
doncentrations of inhibitor,,theAinhibitonneﬂﬁiciencyﬂof
thiocurea in suylphuric acld was significanxlyureduced@,;.This
waszattnibuted.toﬂthe'indreaﬁed.degplarization,df‘the.cathgde
reaction by the increased diffusion of inhibitor to the
metal. surface. At low-conaenmnationsfaf.thiouréad&zggjiﬂﬁhm
the. dissolution process is one where the anedic reaction.is
depolarised in a. fashion which is only sligggly,veldgity

sensitive.

At medium concentraticns (2.x 107> M) the efficiency

ié similar teo those under stagnant conditions.

At high concentrations .(5.x ld?:m).atmhigh\flow'
rates, further depolarization occursy but at low flow rates
initial inhibitive effects are maintained. .. This suggested
that thare were mixed reactions ececuring at the anode smtes,
not all of which are diffusionally controlled... zhe. resplt
of this change in anodic behavmour is. that. the.lnlx;al
inhibition obtalned at hlgh concenxratmans is, progressmvely
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last as the flow rate increases.

1gb. Bffectrof-Moleoular Strueture. onCorresion: Inhibitien,.

If it is true that the besthinhibitors;require
chemisorpbtion and a lowering .of metal. reactivity., ithhqpld
bempossible“toﬁcorrelahe”centainwmeaSungahleﬁadaampmioﬁ..
properties, and hence inhibifion possibilities with knpwm
chemical,‘gxog@rtiesJassqciaxedwwithuthemvarioushmolecg;ar
structures (93). Physical properties .(eg.. mglecularmweight
and molecular area) have. a smallﬁefﬂecﬁwén inhibitor |
efficiency;andwevgnfWhenwanstrong,depgndanaemiswnoticeagle,
it can usually be~traced to solubility limitations or
micelle formation. |

Stromberg (94) studied amino-acid as inhibifors
in the corrosion of mild steel in copper. .sulphate solubtion.
He.found that slight‘Qiﬂfanenaes(ingthewcaxban.ghain
thWeen.functianaL.gnoups”alxgrad.thehinhibitdrﬁéfficigﬁcy
agpﬁeciablxﬁ. Amingéacids“have,the_stnuctume -

_R" 0 -
R  ~— %—R — CO0H

His results can be summarised as follows:-

(1) Optimum length of R was Cg to Gy -
(ii) Optimum length of R was C,.
(iii)optimum .form af RM Was_H,'
(iv) Branching i undésilable.
(v) Aromatic riﬁgg.in.thehaf.chain.weneﬂundesinab;e.
(vi) Unsaturation. adjacent to the.gglar“gpaugghwaéﬂalso

undesirable.
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AltnouthStnomberg,ﬁaund.additimnpnﬂ‘methyléne'
gn&u@s.inﬂawlong‘alkleahain“didﬁnhtuaﬂfacx xhe”efficigncy
. a gre eat deal* Hackerman.(93) showed. that the addition .of a
methyleneﬂgnoupetq a.hete&acycllc lmlneprlnghlncneaggd
efflclency 207 each. additional CHQ group. and.. 5% in. the.. case
qf al;phatlcwamln&am He also found that low melecular
ﬁaighﬁ gming; were more efficient thanhhlghwmolecular-
‘wqight aliphati.c. aminas,. As thlS cannat. bhe. explalned by
1n¢rea3ed barrier re51stance dﬂﬁ.te Ghain lengxh or increased
surface comerage)the.explanat;ngmust-lla”1nmawm9re
fundamental. pyagenty - Viz. the.banding,chanaaxétisximgm-
xhls.wasiexpla;neqd(95) by the steady changgfin.hond aggle
béﬁweething_gtamﬁﬁ.gven,though\theurinég.ang<no$mp;anar.
X%nay measurements confirmed this (96).  Ayers and
Hackerman igy),_wquingmwimh pmnidinemandﬁseven.dfﬁits‘
mﬂ$hyl“@e3;yativg§? conglu@ed“that_mnlﬁcu;arvareamwasmnqm.of
first onder.imggmﬁange.gn@,.hesidesueﬂfiaien@ywincneasing |
wi$bmﬁhg numbenfoﬁ substiputed methylene.gpouﬁs,“itmaléo
increasg@.withhthe~elggtron.density”ofﬁthe;niﬁnaggnhaﬁpm.
Tppﬁelectgén density .of the nitrogen atom may.lncrease
efficiencyuby~;

(i) an increase in the.numher‘ofichemisarbedhmoleculgs.
(ii)an inecrease in. the availability of the chemisarbed
" molecules.

Hackerman, .Hurd, Annand (98) showed that inhibitor
eff;gigngy inéreageﬁ_mamke@ly.at.thewgwé‘lQ:memberedmning§ -
glpps;tiggwwhapgwégnﬁgin.qupgr#ieagaﬁwanxhnmmiagggusmseries‘
are,freiggmtly\at'a.maximum”atwminimnmk£95@96}¢.. More N
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striking, however, was the effect of ring closure.on
inhibitor efficiency.-.ring compounds (a) were decidedly

nore effective than secondary amines.

(b) CH. ol . CHz ... .CHg
(cH), . (CH), (cH), (CH),
X .~ | NS
N - | N
| - \
H. H
(2) ‘ (b)

In another series. of éxparimsnms_Hackermanm(99)
made & com@arlﬁen batween CYCllQ am&nes and. paraasuhstituted
nltrogenrmethyl an;llnea under. identical. conditions. ihe
pgsul;s showed. ne. dependance on;hase.strang&hmwmalesularA
welght. or. area. | B

| N Intarpretatlon taok 1nto accountwthe rlmorbltal
nature of tha free eleetrons on the nitrogen bond.- the more

uorbltal.chanagmer present in the bond at the.me$a1/r
inhibitor integiaqg?wthq\manefefficienx.xheﬂinhihitan?“ather
factors bheing eonstant |

Hackerman, Hurd, and Annand (100). examined. three
types of low polymer amines (p@ly(éwvmnylpyridin@): |
'45gkpy;g;gsmdlne@”and,ppigathy;gneamanﬁ)Ata.determlna.thgir
93£i¢ien¢y in BCIm‘ Thg results shgwed.thaﬁ.solublé |
molecules containing mmltiple repeating units .(identical. in
ﬂqnctionality)igr@imgmegefficient.inhibitor&‘than,thgir
cqxreéppﬁdingﬁmﬂngmemamAWfmh;angg;expla$paddbxwthefpglymers
being adsarbed .to. the metal gunfacematmmoyg.thanhgneupéint
ax-:i;d.‘ the. increased stability of the net total adsarption
bonding in the pelymer (iem;awhighptendencg,,oncﬁpadsarb@d,“
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ﬁo remain adsorbed), to form a strong metal-inhihitar bend.

By using nuclear resenance Cox (101) studied the
electronic strueture of substituted anilinespas.cﬁrrqﬁion
inhibitors.  He concluded that. the ability .of the moleeule
to.inhibitucannogionwwaa determined hy .the electron density
of the amine nitrogen atom. . Szlarska-Smialowska and Dus (102)
stated tham the pmgce&suoﬂmadsorption«Wasninfluenced.by ;‘ R
(i) the adsorping strength . |
(11) the resistanae hlnderlng the diffusion of inhibitor
malecules.

‘ The 1nh1b1tor effLCLency of compounnds containing
the same allghatlc Substitute Ls.hlghﬁr Af selenium is the
bonding atom. . This ggnees.w1th”Makrldesﬁand”Hadkenman_§54)
as.selenigm;isvfar,mareAelecxnonegamimewthan.eixhanunitpggen
or sulphur.

| ‘Aramaka and’ Fujii (L03) studied the 1nfluence of
sal£~a55001atlon of high molecular Welghh amlnewtype
;gp;hltor&.an@~faundwthgt efficiency decreased when another
gﬁoton.donpr or. agcepltor was present.

Foster,.uakss, and Kucera (104). systematicaily
altered”propargxlﬂalgohal (i£sel£ a. corrosion. inhibitor)
énd studied thé-resulting structures for inhibitor efficiency.
The. xnduntlve effect of the. substltuenx groups .tend to
influence the availability of the - ﬂ«~electrcns and so
madliy tbeleff;glancg; . inysone suhstituted_compgunﬁﬁwas
anﬁefﬁegxiyg corrosion inpipitar andzthey“fdunduthat
steric facters played no part in efficiency.
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Blomgren, Bockris, and Jesch (105) found. that for a

given conjugate linkage, CN-, SH-, and S substituents tend

to improve inhibitor efficiency whereas 0HT, NH;W, ana,sq;
reduce.it;,ﬂBalezin*(lQﬁ) also found this to be. true.

‘ ‘ ~ Although a lot.oﬂAwonk has been done on. the effect
of mg;ecg;ai structure on inhibitor efficiency, .no. outstanding
success has.been_neaehedw ;ihigtp@gﬁébly~reSul$smermma$$emp$ing‘
:to_stretch;a:little anwledga.tQé famaTt.Mosx_qf:thengonelusiﬁns
?ééched pgipt.;ogﬁhe\amounﬁsgﬁ the‘r1%o$bimalmcharaetar.QfAthé
free eleetrons, and. the electron density, of the Man€horing"

atom as .determining. the inhibitor effectiveness.
JLeba - Benzotriazales as a-Corrosion Inbibitar. .

Ben%gtriazolé.(mpll Wt. = 119.1) is.a heterocygliec

compound. with the following structure -

This was established by Jensen and Friediger (107) after
studying the.dipale‘m@m@nms\mf henzotriazole dissalved in
beﬁzene and diozane. o
‘Iﬂeathfi@ld.and Hunter (108) studied henzotriazole
and its derivatives and found that assoclation could take
p;acejmpre.degxsé.of a&sbgig@ion.incxeasingﬂmith“incﬁeasing
9§p§en$?atiap\;:bht that compounds wixh.noAiminQ;hgdegen
rema;ngdﬁ@nimg;gqqlanmw.”Results showed that .assocliation
999@???§-$?r9u$h-ﬂﬁ¥.ﬁ;* N. bonds and. they suggested that
association occurred pﬁincipally,through,thewl and 3 nitrogen-
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-atoms of sepamate molecules uiaéthe.hm@pgggn aQOLLlﬁﬁxassaciation}
and_to_awlessanqextenx.by.l;21assacia$ign¢ .Sg@qles.gpd o ‘1
Cotton 4109) also,studied.hsnzqmriagplawand“iﬁgwderixaxiVesJ"
aqd4th¢in.Qompesggndingwinhibimqrﬂeffigignqiggm_Thltlgpgaared
ta themapham,thé.N_r.3,gpmgpigngwan3*aﬁuthewthgrunitbagen ‘
atomsmwepe\neoessary to.cqrrasionﬁinhibimiqgfJyhaminhibitors
fqrmigg.aggg;ymarigveomgigxfopwﬁhemmeﬁg}ﬁsurﬂaqehf?;th§9.
cquplexes were modified by various anions in. the solution,
and, in some. cases, eontained“waberfof crystallisation.
By_tpeaﬁingchgpgr w;thhbenzg;piQZQleéuthe‘chemical
resistance of the surface is greatly. improved... . Resulbs:.(110)
shawuthatdtheﬁfilmmrﬁma;ps”p;;ghﬁ gfter¢5 damgwinmﬁ%wsal$um;st
which would normally.géuse‘smaining,inmlﬁ haurs:. T.il_:LlQO%
humidity With-orl%}%'st? the copper is unaffected ﬂor:n6 _
weeks. compared to. lé‘houms;._thaAﬁilmhlagts,up.tonéhtimes as
long.in.loppm;H‘SMthanean.untnaated.surfaae,\UNHowaven3 the
film will nob Wlthstand -attack from NHy or. NHK compounds.
Cotton and Dugdale (lll) retarded, or prevented the-
pitt@ng cannos;an gf‘wgter gy§§§@s§ cgpsﬁnucﬁgdﬂo£<coppgr or
cogpei.a}lgys by ﬁreapmgnt,W;th“bgnzgtn;agqlg,h.imhewsurfa983>'
wene.deg;eased,mgigkled@.gxpg&ed to"amso;gmimnmgf”bgngmﬁgiazple"
in .isopropyl alcohel or water, Qrhﬁbmhanﬂgimiazglewxapgur
withacondensaxionm.::Test spggim@ns“wene‘cgntggctedwfo?~2
minutes withuauz%,wtf solqt;oanf-henzaxxing;e.aii&fﬂnjng°g
and. dried These -Specimens shmwed\no pitting aftar 3'mnnmhs
in. water Which‘caused plts lnn81mllar untreated speclm&ns. ’
Unsuccessful treatment resulted in the same results as uncrea%e&
specimens.
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Cotton (112)claimed that the action of benzatriazole
was Lo act as . cathodic inbibitor to the oxygen. reduction
reaciign%.aided.to“ahleS§an.ex$enxuby The surface layer effects.

Barannik (113) postulated that the presence of sulphur ar

niixogen~w1th free pairs of electrons in the molecule of a
5ﬂmembered_ha&@rmcmclicwcompound,aﬂﬁthemaZolﬁ;gnQMp .
(benzgxmiazmls.iﬁwaimember“of“thisﬁclass)Tsuggggthmham;thsse
cdmpauﬁds"may;hamégaﬂminhihiting“aﬁﬂactqbn;the,cmﬁfdsinn.of
matals, by the formation .of insoluble chemisorbed films.

 Other .examples of the action of benzotriazole as
.wanhinhihiﬁap;qqugﬁa §he.addixmanngi‘benzotmiazglﬁ to the
corrosive media.  Hatch 8nd Hagan @ll&).ﬂﬁ&tﬁd'tham;‘in
recirculating walter systems, benzotriazole (in.canaentnationé
of 1.-.5 ppm. with, or witheut, molecularly dehydrated
phasphates) contrdls the.carndsionVof.agpp@n,anddihsMallgys
in the‘pnesencewa.a,more,eaMMﬁﬁanetalw . The compound. is
also,stable”andieffeciiveuin~watar,htreated”for.lime and
bacteria édntml_,

| Wall, and Da.v.is,_(llfj) ‘shawed..that -adding
- benzotriazole to closed water SystemsgcutréGWﬁ}fheinate.of
dissolution{of coppex,ihia.thé wakter. They,canniédgout
éx@érimentsioverfa;periodhofVGO days and found that, to operate
the.system.éfficighilyﬁ“ths”benzaﬁniazalehmuﬁtubehabage a
certain.qritihal.conaenhnatian.and“mithinJan;optimuﬁ.‘“
cancentration range.  However, it is alsohknawnmﬁllé)\that
there.existsgin.cértain“Wa$emsppﬁganismawwﬁishhfeed;on"‘
banzoxriazglegfdrming;anﬂin&mluhleﬁyeast%like%éuhstance._
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Hence benzotriazole would he useless far.the.tzeatment of
such waters | |

" Liddell and Birdeye (117) found that the efficiency
of benzotriazdle (concentration 5:mg/lihne).was.grea$ly
inareasedpin.thahpneaenaewof,highly gmn@ansedgolxgﬁﬁsyha@es.
Schaeffer (118) reported that theJdiscolauratimn.of.noné._
ferrous metals!by.aéuéous.solutions‘af detergents .could. be
pnevented.hy.thefppesence,mf4up to. 0.1% of waker soluble

material, having the nucleus -

~C — NH. -C = NH -C—NH

>cx | > N | >/N
- N _cmc{_ 0N
(1) (2) . (3)

The structure of benzotriazole satisfies structure .l and
all three structures satisfy the,findings~o£ Cot$on and
Scholes’£109) on corrosion inhibition by henzobtriazola and
its derivatives. . o
Benzgtmiazale.is.alsa'used.inieng;nesuand radiator
cogling systems whexeucapger.in tha‘p@ésenae.afﬂalumininm,‘
iron, and_staelucanuaause‘seﬂéne;pitting¢ . .It reduces .
pitting and alsn.has.hheAéddad.admanﬁéggvthax it can be used
in conjunction with antifreeze ..(.11?) . |

Benzobriazole and its derivatives are used in

gréases (12.0)., palnts, lanquexs,.inks.(lZE)danduas.#;ppur

phase thibltnrs (122).. It also has a wvalue as an!

1mpregnant of paper for transporting copper and ihs alloys (llO)
Chenmical analy51s of the coppen/benzobrlazole complek
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formed by pretreatment has shaﬁn.thax.thﬁ.cogper#henzatmi&zple
ratio is ‘ | .
(i) 1;i\if produced fram. cuprous salts.
(ii) 1:2 if produced from cupric salts.
Potentiometric titrations have indicaxadmthat”tha.cdmglex
formation takes place by the neiease.Qf“labile”hwdnqgeh
attached. to. the nihmﬁgeq. ' |
‘Unfortunately it has not been possible. to .produce
a positive correlation between the wvery thin surface film
formed on pratneatment and the ahaove compgunds.gmddqced
by aqueous reaction. . The film is so thin that it does not
giye.a‘deiiniteAglectrgn”diffration.pattennw-.sqntha £ilm
must be either .amorphous or microerstallinemandﬂiess4xhan
50° A thick. It is reasonable to assume that the{cemglei
formed is similar .to .one, or ather, or both of .the
complexes mentioned above. .. If the reaction oaduﬁé by _
remaval of the lablle hydragen,“it.is.possible“to su&ggat.that
a.long chain.stﬁﬁcﬁure)is prodﬁced,for suprous benzatriazole
and .a flat pianax one for cupric benzotriazole. “Whatexer
the adsorption mechanism, there is little doubt. that .
pretreated copper and its alloys are significanxly protected

against corrosive attack in atmospheric and statie corrasion.
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CHAPTER 2

‘Preliminary Work in Static Media,

2¢le. Introduction.

Froﬁ.the!liteha£una survey it will he notieced that
much of the experimental wark carried out .on inhipimang is
applicable to .static media only.and‘thax.xery.litmlé,womkzpas
been done on inhibitors in £lowing,media_,.mngeMet,.mhe
general finding .of the work that has been carried out is
that inhibitars lose their effectiveness mn.ﬂlOWLng.medla.

It is also knowm that results obtained in a static
-environment cannot be apglied.to,tha.same,flowing environment
with any certainty at all. .As no exglanatimﬁ haa‘beénMput
forward as to why this happens, this course of study was
undertaken to innesxig@te this ohsenved.phenemenonﬂand.axtgmpt
' an‘explénamion.

Copper is dapable,of bonding with a wide.ﬁariety
oﬁvarganicicompgunds varyilng from chain aliphatic .sulphides

to benzene derivatives,conhaining~nimnogen and sﬁlpnuf;
Ultimately the compound chosen for this inﬁaétiggﬁibn.was
.henzaotriazold. .Benzotriazole has been used.as.an:inhihixor
for -copper and its alloys in static and atmospheric |
environments and has proved yéry.eiﬂecﬁiﬁe@..'Benzoﬁriaaple%
has the.advantage, as.an inhibitor,.that it.acts.chemically
_with'the:coppér forming a cdmpleXQhandiﬁg @gmggpné.whiéﬁ
protects the copper from ﬂanther.attackx.J;It.seé@edJlogLsal
therefore, to.study the reactionJoﬁ“ihahcoppermhenzompiazple

Lcomplex on the sunfaae.whenhsubieoted.tﬁ~a;floming.med;nmv‘
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Using benzotriazole and copper has.the. added
advantage that they sanrbath.be.ahtained_inﬁaughémically‘Qure
state, so. that any anomallies ﬁoundwin‘theucourSg.Q{,expsximants
cannot be caused by any impuritles in. the sxﬁxﬁm;

As most. of xhewquk.done\an“inhibitianﬂnaguggen
carried ount in.aduenus agld medium,it was deaidad to. earry out
these. experiments. in. an. acid media ~.sulphurle. acid baing |
sSelected. for the purpose. This was made up by diluting
concentrated Analar sulphuric acid.LS@vamxl&aél,with
distilled water to“the desired conaennnationmig_mﬁis.was
lof¥sulphuric acid. R

Tough pitch extruded copper .sheet (gauge.20) was
used in the experimentel work and it. had.the following "
composition - -

Copper 99 .9%

oxygen .. 0.04%
On arrival a number of segments (3.8 x.1.8. cms.) were cut
fr&ﬁ the. copper. sheet, polished on Sﬁccessive gra&és‘of wet/dry
grinding papers(Struers papers, grades.220,. 320, 400, 600)
greased, and stored in a dessicator muntil. required.;

D¢ . Ex_ertmental Work.

Prior to any work in i‘lowing media,. som.a pnela.minary
expemimﬁnns\wene\cann;edﬁouh.Lnuatatmc:mediaWMHMThase,were
to have .a basis for comparison with resulls; in SLlowing media
and also. to estahlish which form. of investmgation wnuld prove
to be the mnst fruitful. The preliminary sxpgniments canried
out were. .~ (a) Welght Loss BExperiments.

(b) Potential Experiments.
| (51)




(e) Caﬁacitance.Exgerimenxs. | N |

(d) Potentiostatic Experiments. o | " :
These experiments were carried out under maniausfgon;rclled
conditions. T

There are two methods by whlch henzotriazole may
be used as .an inhibitor and both of thesemwergwamp;gxea
experimentally. .. These are - Am‘“'v B

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

(b) Placingibenzoxniazale.in,the.cdnrdsixeumedium”bagore
the.copper,is placed in it.

20 3. S‘eclmanﬂPre aration:

. In order that the experlments could.he canried out
successfully the copper segments had.ta be made\up into B
electrodes. o
-Breparation oft Blectrodes: .

, Two types of electrode  design. were. used. in. the
aﬁatic experlments. th for the potentmalwand.pptentigstatic
work (type.A) and another for the capaeitance work (type.B).
ype. A

( This type is shown diagrammatically in Fig LIL
A 1ength of PVC-covered wire was. soldered on to the b&ck of |
the specmmen. The specimen was placed. inna.perspex
meunting¢(2d5,cmsa¢5.o.cms,) wh;ch_had,had;aﬁﬂénéapeqpal.to
that. of. the Spgcimgn machiqed_oﬁt@” .mhe,wire“soldened,én.the
back .of the.specimenppaﬁsedmthmqugh“a”hple,drilléd,inﬁﬁhe
mounting... A thin layer of araldite,was‘smeanéd,é#ér.;he
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F‘( Araldite Seal . ___

. Glass Tubingem“m:ﬁgém[ 1

| PVC-QQmér&d,Wine 1
Q-’:""’—‘ﬂ \

B

£}
Perspex .
Mﬂun£ ng //Araldite Joint
Copper
“’”ﬂﬂSpeclmé*~*““9 Soldered Joint

Flgoli Electrode used in Potential and Potentlostatlc
Experiments.

_Thick Copper

- Wire R\“$

)
Soldered Jointf

PR Copper
Speclmen

FigJJ2 Electrode used in Capacitance Measuring Experiments.




back of the specimen.mhiehuwas_thenvpneeaedminﬁeethe.genepex..
On.partially drying the. excess araldite around the edgekof
'the Speclmen.was cut aWay.s. se that only the frent face of the
eepggrhwauld;bewexpesed;te,the-acmdmm Ahg;@see¢nbe,wae.bent
ana,\,..;aga;gl@;;ee %o the. back. of the perspex. ._nie\,uﬁting,f.:ﬁmd. the
PVGecqvered,wire passed up through the glass. Lo

‘ . These electnades. could. be. easily renmvated after

an. experlment hy grindlng the. front. £ace of the electrode
Qn_gmindlng‘p@ger. ’

This. electrode design is:shown. in Fig..IRe :

1engtb of thlqk copper wire had.a. .small. netch sawn. in,oneeend
A copper. segment. (1.9 =x. 1.8 cms.) was. inserted.inxo the.
notch.. . The.noteh was. then.tightly claeedwandhthepeagper |
wire soldered. on. to.the . segment. | ” o

o Jusi prior to use,. the electrode was. masked off
wmth tape whloh had a. hole. stamped out.  The. only area
exposed to the aeid was. that. expesedﬁby the. tightsfitting.tape.

| Pre‘tii'eatmen‘t of. “k«he Gbgpgi‘ Suxfacey
In order that benzotriazole .forms .a: unifanm coating.

on. the copper. surrace, the surface mast be. absolumely free
from grease and dust, and alse be. totally water—wet, To ..
obtaln sueh & surface two. me&heds Wwere.. trLedv

6&) Hi'igg%-ﬂt;p He'ﬁ’hﬁ&
The brightqd;p splution. was a. mixxure of coneentnaxed

sulphuric and nitric acids with a. trace of ceneentxamed

'hyctro chloric aeid
(53)




The copper was de—g:eased, and washed.in.dlstilled
water.. Then 1t was placed in the brightadip seluxmen.for a

 few seconds, removed and.immediately washed in‘distilled

water.'

‘ Thls method was. unsuccessful as it 1e£t.the _copper
surface blotchy and uneven - so much .8a_that. the, benzetriazole
only toek onwcemtaln.areasyagﬂpgppeneﬁrlgyl3);y'

{®) *Duraglit® Methbdy

This methad was. sugge§$ed.by The. Geigy Cempany Ltd
which supplled the benzetriazole. and deal also. Wlth.indusxrial»

metheds of pretreatlng copper wihh.benzotrlazole.

N The cep]_ﬁer was. thoroughly de«g,ree.aed as befare,
Well rubbed with a small pad: of duragllt:(a metal .polisher),
and fhen pollshed Wlth a cleani dry soft cleth._m.mheh
resu}@enﬁ.sunface.fllmuwas,nemoved,hy_rubblngywlthga;geste
e# ggne-ealqinmxCanbonate.and%washeduoffewith;aemé$£ihgnagent
soluxiaﬁ (lo%.EDTA &nd.20%,sadiumeneoeﬁylmsulphate). -

Finally the ceopper was<thqreughly washed in the. distilled

water.“m
ThlS procedure left the .copper. wmth An.: ahselutely

clean, water—wet surface onto which henzetnmazmle ceuld be

uniformly coated (F:Lg,;[& )‘d

Consequently, this latter procedure was prefemred

and used thraugheut theeexperlmental work.“

Both the flguree show the effect of 10 ppm HZS on

the qpeclmens and thlS is a. quick.test to ensure that'
treatmem ‘_‘*ihas -[;ak_en pl&ee (110) : ERER T
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Blank Pretreated Specimen

Fig* 13 Pretreatment by the Bright-Dip Method

Blank Pretreated Specimen

Pig.14 Pretreatment by the Duraglit Method.



tment oF the Copper Surface;: "
The solution used in this treatment was a Q. 5% /?,

s&luﬁioniaf benzotriazole in distilled watan,; The. temperature
of this solution was maintained at between 6Q9GMandmZQ°C\py--
a Simm@msmaxL;.it.was found that abowe this tempenanune‘buhh;es
were formed on the copper surface, causing & nanruniform‘
coaming of henzotrlazole on the copper surface.
) | The cepper electrode was prepared as desnrihed abpve
and .the water-wel specimen.lmmsrsed An. the trea$1ng smlutlnn.
A:ter_twq_miputes it was. removed, washed 1n‘dlstllleduwater,
and dried between twa. filter papers. . Care. must he, taken at
the drylng.stage to av01d gettlng dust or grease.: on,the sunface
as this. wmuld cause a weakening in.the benzotriazgle/copper
film withusubqequent loss in protection, |
Treatment of the electrodes was carried. out just prior

tq thelr use in an experlment.

Alﬁhpugh.fhasé experiments were initially carried.
out as preliminary ones, the results will be mentioned later
as those.abtainadﬂat.zern\velocity. )

(a) Weight Loaa Exgeriment.
The copper segments were de—greased 1n acatane and -

dried.. _.ihen.they.were swmlled‘ln.conswﬂﬂlg.dis&mlled,watgr,
apetgneyxa@d dniedf’ lAften Weighing,:theusegmgnxsJwenefplaced
in boiling tubes containing 40mls. .of 10#¥sulphuric acid, with
varying,amamn$s.of benzotriazole disselved in. | o

‘ - Aftar b91ng left 1n .2 constant temperature . ‘bath (25 C)

g for a month, the specimens were removed and the scale removed
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by immersion in de-aerated concentrated HCI, washed in
distilled watex, dried, and re-~weighed.. Theudiﬂfénencg in
the two weighings ®ives the weight lass at that particular
concentration of benzatriazole. . Four sep@rate.expgniﬁgnts
were canried.out.at.each.concentnatian“and,.as.the;nesults
agreed within.l0%, 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
benzotriazole in. the acid (% mole.). |

As the concentration of benzatriazole increases
from 0%, the weight loss, and therefore.theJcomrosign rate,
decreases. . . A minimum value is obtained at 0.13%... Further
inerease in‘benzctriazale concentration results in an inerease
in.weight.lass,k Above a conceﬁtra$i0nmo£v0w45%, benzotriazele
acts as a stimulator. to the corrosion. of copper in. sulphuric
'acid. 4 |
Freﬁré@pment<ofmthe‘coppen was even more efficient. than the
optimum concentration of benzotriazole. |

These. results are similar to. the. ones obiained by
Makrides. and Hackermen. (34) and Jones. (15) both working with

thiourea.and\sulphunic‘acid.

(b) Potential FExperiments.

J The: experiments were performed in the apparatus
shownfschematically in Fig..I5. The probe was made frbmhglgss
tubing which had been heated, drawn out, and. curved... The
tip of the probe was ground on wet/dry gpinding,gaﬁgnusu that
it could be placed almost. touching the metal. face (about 1mm
from it) .
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‘Potentiometer

Relsrenge

Working Probe Acid Saturated KQ1 Saturated KC1
Electrode ) Agar Bridge © Solution.

Pig.I5,.Arrangement used for Potential Experiments

Potentiostat

—
|||'_..-"i .4

Reference
"Rlectrode

Workin Counter
Egectrgée: - Blecbrode

Fig.I6.Arrangement used for Potentiostatic Experiments.




400 mls. of acid were used and the benzotriazole
added in succéssive.amgunts afterueach“neadin&yﬁe:Q# the
addition of the benzotriazale, the coppefﬂwa&‘allawed.taxreach a
new.1s$eédy.res£.potential before & reading.was taken.

f Another experiment was carried putmin,whigh.ihe
benzotriazole was all added at one concentration, instead of
ahsmail.amauﬁm‘at.a time and progressing. through. the
cqnceﬁtﬁatianurange that Way . .

o The results of these. two types af experlment did not

differ. outSWde experlmental,error and. are. Shawn.in Graph. 2.

o Qn,ingneaslng,the concentration Qﬁ4henzatxiazole.in
the;acié?xthe:ggtgntial of the. copper specimen“mmmethd-a.mpre
noble .p.gténtial than the rest potential. . .On. increasing the
concentratiop.apqﬁe\owl%i the potential moves. more active and
quvéra_gqnegnﬁratipn.of 0.5% theHSpecimenxmavea.to.awmpfé
aativeupo$entialathap its rest potential at 0% benzotriazole.
The. rest potentials_at O%.andmow5% benzatniazaleﬂaneieQual.

A | Below a concentration of 0.15% (max;mum.inhibitor
efflclency as. glven by weight loss. experlments) the. rest
petenilaliqﬂithengopper“ph@ngedmvenyﬁquicklm;Qnﬁthawaddiygon
of inhibiter. Whereas above this concenmratimn@.iﬁ:bhénged
mane_slowly._ “

| Ag@an Hackerman. and Makrides. (34) and Jones, (15)
faund slmilar results, except that Jones.. foundwthat at.very low
concentratlons of 1nhlb1tor, the . rest. potentmal ef4mild steel

moved more active before going more nohle.
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(c) Gapacitance &xperxmants(performed at a frequency of I kc/s),

“ | The electrodeq used in these. exéerlmenté have.
already been.daserlhed, “yheyJwanenwashedw,drled, and:maaked
off with tape. .4 platlnum“spéﬂehwascusedmasmamgqunmer |
g;epﬁnodg;. ‘Both Wefe.placed,in“a_beakerﬁcnnmainiﬁgﬁloﬂumlS.
of acid end connected to. the terminals of an. electrolytic
conductivity bridge. ‘ |
N A balanae was obtained‘by successively altering the
resiatance, capacitance, and finally neszstange arms. of the
'lgsggument untdl mlnmmum-sqund“was heard in. the earphnnes. |
“ ;'l’ A separate electrode was used for each. reading at a
partieul&r benzatnlazole concentratlon_.mmThls“enabled.both
thexgapggitanquand.thewreSLStancefoi the»cappen[acid:iﬁiarface
to. be obtained. . A relationship is known (125) which relates
?@?-9?P3°?$339?7°?“th?;eLGCtniQal doublemlaygn»andagpe
‘ ?pag@ignhofwane&-ai.cavenageuhmqan.inhibitarwmnkmhiéi‘

relation.is -

wﬁereﬁ?* fraction‘of area of. surface. coverage.
'Cu.:-capacltance of untreated cqpper Ain unmﬁhihited acid,
Ci.= capacitanqg.qﬁ‘uptneatedfcoppem.ln.lnhihiﬁaduac;d.
Cs = capacitapcg_qﬁ copper Whenuaatunated_wi$h“inhihi$dr
at that. particular concentration. | |
L $n the§g experimﬁhxﬁ*Csnwas,takenwas”thewgapacitance'
gf QneﬁtrggtedacpppeifaﬂiA.bettef.regreaagtaxion”af,tbe

fraction of surface comerage‘Will,tﬁen.behohxainpd..
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Graph 3 shows the_raiatiqn_between.the.fragtipn
of area coverage (0) and the congentraxian_Qﬂghénzomﬁiazéle.
The fraction of surface coverage increases as the
benzotriazole concentration increases from zero, .a very sharp
increase occurring between.opl%uandmo.lS%;u. Afterwreaéhiﬁg a
maxmmum a$w0.15p, there 1s. a. steady.fall. 1n,the.fraction of
caverage to an.almost constant value abave 0. 75%
| o Graph.4»shows the relatlon between the resistance
of the~copper/ac1d interface and.the benzatrlazola cnncenxmamaon.
o AS.can be saen, lt.followQ?almoﬁxhthepsamehsha@efas
Graph 3. . The resistance increases to & maximum at 0.125%
and falls to g constant. value in the ranga 0. 75% ta. 1. 0%

(q) Potenxmasmatlc.Exmenlmenbs.-

L vihe«pe$ﬁn$;aata§m§.ﬁxgprimen$s,AQQQBQ;NEQQQPﬁm,
conditions, wq;e.eappied»out.gsing the. apparatus shcmnfin.EigfI;;
‘; - 400 mls. of acld were usedwandnthehagpapatusﬂsemguﬁ:
ag shown. . The electrade, having been made. up. a8 previously.
described,  was polisned-onmfing.watﬁdry,ggindipg_paggr'_.'
§§p§u§y$\§QQ)@.washed with distilled_waﬁent and¢pla¢é@;;mm.

from the probe.. Ehg,pgxentiostax.waa.SEtyup,g¢ridopmV
ﬁi&hi?eﬁpeet to. the reference caloméluelagxrode,and;the
instrumeént. switched on.. . The\eunrent.to:maintaiﬁMthis
papep;;ai.cpnstgnt.was noted.after.it.had_becomﬁ,sge@gy.

The potential was moved 50mV anodically snd, after begoming
S£eady,'thefcgrreﬁt-ﬁas‘ag@ingnotgd. | | |

S  This procedune.was.canﬁiedvout(inyamgxepwiSeﬁmanner
pn;ilu+~200mx&with.resﬁﬁct-toﬁthe%reﬁerencetelectque@was

reached.. . .
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At this potential, the.anadic,dunrent flomingzwas\so;large
that at ‘a. higher value it may begin to effect the referenoe‘
circuit.. The reference clrcult had been;shown to be_ afﬂected
bj passing too. high a current in the cell (126).

curfent curve) for the. specimen gould bexobtalned iggw
varlous condltlons for which palarization curves. were. obta&ned~
are glven belOW°

(i 2 Uswng unlnhlblted acid,

o Polarlzatlon curves for both untreated and. treated
copper (Graphs 5 and. 6. ) were obtained. .Inwonderttqwda;gnm;pe
the .effect of revgrsing the trace, the @xperimentsﬂwe;@“regggﬁgd,
shant;i.-ngjat_fl“QOO‘m‘VT and going in. a Stepwise manﬁag.to - |
;lOOOmMu,(Gygpbs.? and-8 ). I
- Qraphggéi an§ g‘ were.also'used as_a$basi§,Ior
comparing the effects of the wvarious condimionssimeSéd.
Experlments were alsq: carried.out using Qxyg@nated
(Graph g.) and de—oxygenated (Graph. I0) acid.. Gas—saturataon
of the acld wa:s carrled out in the packed tower .of the flow

ts

system and is descrlbed in the next ehapter.

(ii) Uazng_lnhib ted. aci d

e :(

o In these experlments a knawn welght of benzotnlazole
wes dissolved in the 400mls. of aold before the immersion of
P@é glgcﬁrqdew: “ThéAcon@entnatiéh.rangé employgﬂufan,gnéggx,
é§b§§iméﬁ£s wé§f07 to. 1.0% benzetriazole in.the»solutioﬁ;‘”‘A:
Separate soLutlon was. made up for each individual. experlment
Graphs II;& IQShow the polarization. curves . er these.

'concentratlon& iof . benzotrlazole
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By using the idea of polarizaxibn.reaistance.Qap),
it is possible (127) to evaluate the weight.lass.(and.thémefore

corrosion rate). from the above polarization data, ... The

</33 Ecory. . (1)

where Rp palarlzatlon rQSLstance.
(i§>§;/ =. rate of change of poténtiol with current
(<} rr
“ densxty at the corrosian potentlal

relatlonshap is

Rp. is also. related te the corrasionhragg -

£ s ﬁ%1%> (2;t

where K. = eorrosion.rate.
C s constant of the sy stem.

Se comblnlng.tha two: expr3551ons -

. %) - Eeorr .

By using this expression the corrosion rates may be estimated

K =

from polarization data.

The value !3 is read from.the
: | (;’E1§i\> ‘Beorr.. Foouood U Ghe

polarizatlan‘gﬁaph withih vifl5hmvmd£;p§asing thnaﬁghithe.
$1new1.”:.0 o The constant, ¢, can bewevgluateg‘by

obtaining OB, at a concentration where the corrogion
rate is. known.u gﬁggfwas Gone by taking a welght loss value
;p.inmt}a;zgegles af e;perlmentsm“ (see. Appendix II for =~
calculations.) |

Graphma shows the relatlan hetween these theoretical

welght laosses from polallzatlon data and. the. cancentratmon of
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benzotriazole. As can be seen by comparisod with, graph, 1,
there is very .é_lo.‘s.e agreement with the two sets of walues,

ALl the results obteined in static media will be
discussed in detail, and in comparisen with. ..\t-ho..se, .oiiiﬁa;i.,ned

in flowing média, in Chapter 4,

(62)




GRAPH I. Weight Loss of Untreated Copper
A in Inhibited Aerated Acid.
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GRAPH 2. Variation of Rest Potential of Untreated Copped
in Inhibited Aerated Acid.




A GRAPH 3., Variation of Fraction of Surface

Area of Coverage of Benzotriazole

‘ in Inhibited Aerated Acid. -
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GRAPH 4 Variation in Resistamnce of the
Tlectrieal Double Layer of the
Metal in Inhibited Acid.
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GRAPH I3 Theoretical Weight Loss of Gopper
A from Polarisation Data.
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GHAPTER 3.

: Exnerimentdl Work In Fibwing ﬁeﬁiaa :
Bele Intraduction, | e

LA electrmchﬁmical experlments whene At is desired
to observe the 1nfluence of varylng flow rates .on the m@tal
Sﬂ?fﬁﬂﬁq.lﬁ<ka essential,ta haveﬁa;system5mn.mhich.fu;1y
dgyelggg@ @;Qmugxisﬁs§ ._Ratatipg,cylinﬁﬁnﬁ“and\diédé.hqu :
p?epuusedﬁﬁqg:#pys:éurpqégf lItzhaghbeenaclaimedfthat with
ro¢§p¥ngyg¥}in§ers.ﬁuun;fo;m:ma&swtransienqtate over the entire
su&ﬂ&eewisuqbtained§§<nm.comp;ica$ionshpver,entry,lengthﬂeXiét;
Withwsmall;cylinders-very high linear velocities.are. obtaihéd
at high,revolutlonﬁ, but thlq 1ntroduces centrifugal fngces
which.may force the corroaian products to separate Trom the
33?£?9?{~-'Th?1u59'°f-th&n~di&C$ has,indic&tadmthaxfthe
@isgq;u¢ippwr§;e}i§.highenLax theaedggsuxhaniat.théiigper
portions due to a thinner. diffusion layer at the outer..edge.
Ihg,use Qi mﬁxal.gggaémagsuipﬁepxed inmlargguplasxic,bxiinders

suffers. from. the drawback. that the specimens may have to‘be

dlstarted in order. ho make them. flush with. the walls. ofmthe
system. -

| An 1mportant factor t@ be taken . inte aeeount is. that
the. flow should be a representation. of practical.conditions -
le. flowylnpdpgp&.,,¢Tha,rgtgt}ng‘memhaﬁswdescrihed_abqye
ha;@;y‘ﬁa;}{igﬁu.thgacapeggny:af hydnodxnamias.gx@senifinwmpst
cggesﬁoﬁhggppogicn,under;dxnamiq;condixionsu.wuln"the.p;esént
work thppgerp_wasmgb$ginedu;nmgheetwfarmttao.thah,theﬂuﬁa<of

ausqganeﬁductzmadamit\poﬁsihleﬁfor.thewspgcimensmto,bewihserted
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into the system-wiﬁhqut any dis&artionq

| qu a giuage Quct no. relationships‘batween.g}ow
characteristics and eniry length.have.been.g$ven.in‘ﬁﬁé
literature, ‘Inqph;&qgntpy pegiQn* two. pipe lengths are
impgptapp;.;gng.fgpuphe.gelqci;y.profile;to form. and. one for
the shéan %tmegs at‘phg wal;;tq reach its. fully dexelqpéd,malue,
. ihémentpénce.af ;heupipe ipmalves“aithefhaﬁsudden expansion or
.éontraction“in“cposs;s@Q;ionalhareaﬁandwthawcohﬁigunatiog of
the pipe entrance is impomtanx.in.determiningfthe.flaw‘funther
downstream.. VHnwexer, the.maximumhentryh;ength.fap ﬁuily |
develage&wpgygégpxi%%yéng has beenhfopndﬁta_be,approximaxﬁly
7Q pipg dia?etgrs for. cincular ducts over a large range of
Reygo;ds.Numbepgf{ -invthiawwqu.an.entryuiength”af.96 pipe
dig@gﬁgpszwas pr0v;déd tqiallowhsmaathuflow‘andMa.fg}ly"
_developed.hydradyﬁamic.boqndary.layer.to develop. -

" BeLs Fl.ow, Anpamatuso .

(a) Flaw Systemob.

A schematla representatlon of the flow system
Cexcludlng the. packed. tower) is shown.in.F1g°I7 the.flow
system was constructed jrom.%ﬂ q.v,f@ g;ass.tubingw.“.Aﬁ all-
pl@§¢ip.gep$m;fggalApump,wa§-used.to.cinculatenthe ligpid
through the sxsﬁemw. As. shown, the acid.wasupympedwfrdethe
reservoir (of.quacity,ZOfiitres)tup.taftheﬁsunge tark (of
~apacity. 15 litres). * From there it flowed through the
rotameters and the flow Qell back to. the: reservalruxank@‘

By-pasgs: B enabled the acld to elrculate, avoxdlng th@ flow

cell so that the neoessary fittlngs -and adjustments could be

made to the test seetlon.
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The flow wa:s measured by a set of” three rotameter5°
0 1.5 lltres/mln&, o .- 10 Jltras/min g and.- @ - 35 litres/m:l.n°
The flow was coarsely regulated by by pass lcop A and the fine -
adjustment made-by theﬁ¢cp cock.after the flaw cell.
~ The surge tank served two purposes -

(1) It ﬁé1n$a1ned the entlre sy.stem. under aAp051tive head,
so that ne aerqould leak. in.
(ii) It smootbed out any irregularities in the flow, caused
by the pump. L.
(b) fréw‘é§11;=' | o
The flow cell was constructed from 0.9 cm. perspex .

and was of 1.8 cm. X 1. 8cm. 1ﬁternal crosswsectlon. Afghln :
layer of polystyreng cqaﬁlng was.apglied in the shallow .
dgprgss@qn:oﬁ t@e.ggggve in grder to make the jbih& lﬁak;prqof,
The si@es.were‘thgnfb§l;éd together... As shown in Fig.Is, the
perspex sides of the flow cell were continuous. except for the
test seetion where gpgvision was made for the insertion and
remmmalidf ﬁhgzgggcimenhdecksa The. total length of the flow
cell was 9-ft. of which 6.£%. proceded the test section, thus

EY

gnsg?;ng that there were no. dlsturbances due to the trans—
fqrmat%gnzfpomfg%mcg;g? to square.seetlon flow, and.also,ghat
flawlhad.develqp§§ hxdxodxnamicallyw There was. 181 aﬂhéﬁ‘the
test section to;avoid.ahy.distunbannes.in,ne&enting’packrfo
circular flow _ | A

In order to make the changeever from 01rcular to
sqg&re-seetaon.marevgpadual,‘a”ggyspgxtblock“was p;ace@ at
e;thﬁ:nep@j  ‘A hole: g wa;.dnilled,in“aﬁe.face.and.a:iMB)Q1°8

cms. square cut in. the opposite one. . The surfaces were

(65)
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carefully filed before joining, so that a smooth, gradmal
chang@pﬁén.was.effecied. These blocks WQneuthen.gLﬁéﬂ.to
both-énds.af:theanOW~celi. o

(e) Spe@imen Deckso(FigAIQ)
~ These decks, which held the specimens, were made of-

persg§x andvW@n§;o£ the Same.crossesegt;onwas.xhe‘flcwzcell;A
They could be-inserted into the test secition of thevflomﬁgell
and bolted tigﬁtly; A thin 1a§er of. Sira adheslve was. éﬁplied
raund.the decks after insertion to ensure that the Joints. were
1eak—proof _ 'm:' v
| N To. grepare a deck for use, a shallow depression

(aust less than the thlckness of the metadl. specimen, but. equal
to 1tswleng§h)%w%slmach1ned into the perspex. Two.hnlds.mere
drilled,intqyﬁhg,back.gf.the.Q@ﬁspex,.anekfan.the,probe andfthe
other-f@r.tne:e;ggtriég; connection. A wire was soldered to
the metal for the electrical conneetion,andutheﬂmgxal
araldited in; the perspex.  When the araldite hadféet, excess
araldite was cut. away and the metal made flush with the perspex
by rubbing. W&th varlous grades o£ wet/ﬁry grinding paper
(Struers papers 220,320, 400, 600) ~ 1f the metal faca were

not flush with the perspex deck faca, irnegulanixiesuin.the
acid flow would occur. A small hole was drilled in. the centre
of the. speeimen %pwthét the backside probe could be inserted
and,cantaatpﬁgdagwith-the face. of the. specimen. :

A similar method was used to construes the counter

electrode.(?iatiﬁised.titanium),uexcep;.for.theﬂelec$m;cal

connectionsa The-electrode‘was,aralditedato“a,pensggX dack;
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Not to Scale

Metal
. Specimen
» {without the probe)

\
' !

Perspex Deck

Metal Specimen

Section
through  A-A

Blectrical
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Fig.I9 Diagram of the Decks used in IMlowing Media.




which had a heold drilled through it. Silver araldite resin
was packad,into.thié hole.and.aasmail.coppex rod. inserted.
Electrical connecﬁion,topan instﬁumenb was then made by
attéching,the.ins@rgmgnt lead to. the. copper rod by a
. erocadile clip,. | B '
Flg,ZO shows the assembly of the electrodes in the

Gest section.
(d) Fisctrode Probess

| In Selecting_avgpahe;ﬂox measuring the potential

at the metal surface, two fachors must be. considered:-

(1) the smooth flow of the liquid through the cell must not
" be disturbed, and |
(11) the iR drop between the metal and the probe must be
reduced to a minimum.

A "hack-side® probe fulfills these requirements and was
selected in these experiments. . However, Riontelli (123)
showed that certain distortions. were caused by this type of
.probe. (Fig. 21)9 Ii the relative areas of the specimen and
probe are large, the efﬁects of these distortions are almost
negligibhle.  The probe (shown. in Fig:iR0) was made from

PTFE rods. Thﬁ ends of the rods were drilled to Iorm
capillaries;whmchmfmxtedytxghtlm%intomthenheleswdrillgg*in
the metal Bpecimen. The whale body of the prohe W&Sfactually
_ serewed. into Lhe.pgnspex backing of. the 5pec1manw . The
capillary of the p:dhe was long enough, sq.thax.yhen it was
scnewed inta the specimen deck, if.protruded.frcg.the.mgtal

surface.. . The excess length of. the. capillary was then
(67)
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trimmed with a vazor, so that no protrusion occurred on the
metal surface. _

N. Ibl (124), when studying the diffusion layer,
found that, if.flnw;nfqelegtnalyxe occurred in a Mback-side"
probe, the concentration of .the diffusion layer was found t&
vary with time. . To prevent any flaw.of.this‘natuieg the
arrangement used mF:Lg.zz '-'4w,.as usedo, . The test-tube (and the
PVC tubing. from the. sidemarﬁ) was.filled.with.électnolyte
Bung 4, contaxning a very thlck.Aganquar @Qhﬂ&Slnm chloride
bridge with iks enﬂs almast closed, was then very tightly
fitted. Any movement in the probe is then Soldiy due to
the compre531bllity of the electrolyte and will be. very small.
(e} Packed Tawero

The flow system, contalnlng the packed column, is .
shown in Fig. &3 and a mare detailed diagrwm mf the ‘tower 1is
given on Fig.24. . Like the flow system, it 18 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 notametens, the ééid was diverted
up te the top of thentower: On péssing'ﬁhﬁmugh the tower
and out at the bottdm, the acld flowed back into the. reservoir
tank, - |

The gas (oxygen or ﬁiﬁp@gen) flowéd thicugh two
rotameters and inta ﬁhe_bottdm~mf the tower via a pilece of
glass tubing:with.ahseries qf slits cuﬁ in it. On passing
out at the top of thé tawer, the gas passed through a watér
seal and inte the atimdsphere. |

(68)
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Fig.22 Arrangement used to prevent any flow of acid im the
Backside Probe,
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Figs 24 IDiagraﬁ of the Packed Tower.




.The-sensor of the Beékman‘0xwgen.Analebr waa’fixéd
in the éaeked tower inlet line. This was to ensure a flow
greater than.1@8.ﬁtx/’saewwxﬁhsnoububbleéfenﬁpainedyin.tbe‘acid.
As in the outlet line from the tower, the acid had bubbles of
‘gas entrained in it, the oxyggn‘analysgm.would\givefan7ihdomﬁ@ct
reading if placed there. o ‘

The packing used in the. tower was single turn;halices.
As these were rather small fcr the packing support, Just above
the support to a depth of 1" - 1i" were plaeed laﬁgsr diameter

raschig rings.. . The total helght of the packing was 24n
’ Mbasurement of Flowe

The' flew of the acid. through the: system was measured .

by a series .of three rotameters. " These had been previously ]
aalihnatedlandﬁthe hcalmbratian charts are given in Appendxx 2&.

The height of acid in,the.sunggptankpwasninixially ’
maintalned at. a-high;cnnstant level by by-pass loop A. Coarse
adjustments were made. ‘by. the rotameters and the. final fine ..
ad;ustment of flow made-by the stop-cock placed at the. end of
the flow cell. . The graduption given on the rotameters could

- then be read off the cealibration charts in m:l..s,./m;l.n..I
Cem‘erature.

" The temperature of the acld was measuréd by means of
a thermometer placed just prior to’ the flow cell. . AS the.
temperature was.fouﬁd to vary only'beﬁween 23°C.. and.28°cw during

& run, no provision was made to maintain the. temperature at a
constant value..;
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fGas Adsarptiong ‘
' To oxygenate or de—oxygenate the acid, the~$ystem

was normally left operating owernight.. . This. was tor

. convenience only. . As it was found that the. desirad oxygen
-cancentrations (a8 given by the Beckman.oxygen.ﬁnalyser) were
obtained in 2 - 3 hdurs operation. The_oxygepgconceq;rat§pns
for the various conditions. were — | :

(a) De-oxygenated Acid '~ .0.01 ppm.. .oxygen.

(b) Aerated Agid - 7.5 ppm;«nxygen.
"’(e)— Oxygenated Acid. .= 33. 6 -PPm. nxyaen.

During an experimenmal run these values were maintained by
bubbllng the particular .gas through.the reservoir tank and
chedking the. oxygen. concenxration of tha acid.at hhe end of

the run.

:The-feéﬁlﬁS“Tioﬁ.the’wonk in. static,mediwnindicata :
that benzotriazole is an effective inhibitor within the
concentration range 0.— 0. B%. The. same.concentration‘range~
(0 — 1.0% benzotriazole) will be used in the flowing system
as was used in the: static media. . Although it would haxe heen
desirable to repeat the statlc‘experlments under rloming |
conditiqns, but. the flow cell and the assemhly nf &. Specimen
deck, it would not be p0351ble to carry out any weightvloss
mexpenlments,, At flrst it was. thoqght that thase could be
.cdrried out by measuring tHe copper ion eoncen$ra$ian in :
-the acid, 28 this Qan.be measurad veny accurately. Hnwever,
this: ‘would only glve the amount of copper 1nrsalution,

neglecting the copper remalnlng.cn tha surfaca as canrosion

~ (70)




product. Also, as it would be impossible to dismantle the

‘specimen deck satisfactorily after a run, no direct welghing

method cculd be employed. | '
Therefore, the experiments carried dﬁﬁ_ih‘the ‘

flowing system were (a) Capacitance. (b) Pdténﬁiéil

(e) Potentiostatic. The volume of acid, which'wés made up

beforehand, used in each .case was 17 litres. |

f{a)_ Capacitance Bxperlments.
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 dell'(Figwﬂzéje

The specimens used had no hole drilled #arla probe
as there was na redgirement far a reference ci.:c'.c-na:liis,...',,Ap_zsn:"!'.:‘t
from that the decks were made up as described previcusly,
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 electrede was assembled to the test§section in
a similar way. A smear of adhesive was also pﬁx.alpng the
joints in the grooves of the test sectien to ensure tﬁat.all
joints were leak-proof. | |

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 flaw—cell
opened, The high wvelocity 1n1t1ally‘is.to‘ensureAthat all

the pockets of air are swept out of the flow cell.

[
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- The experlmental velocity was selected and
maintelned until the capacitance reading became steady
This usually took between 8 - 10 minnres. The steady
capacitance value was noted and the velocity increased.
This procedure was maintained throughout the velccity range.
|  On completion of the velocity range, the sPecimen

was. removed ? A known weight of benzotriazole%ﬁas added to
the reservoir tank and dissolved by. pumping the acid.nound the
by—pass loop A.  When all the inhibitor ‘had. dissclved, the
above procedure was carried oyt with a new copper spec&men.

- This was continued throughout the.concentration

range. and. also carried out with a. pretreated apecimen.

. Pretreetmenh taok place as before, but after the deck had been

assembled. After treatment care had. to be taken on smearing
the'adhesiﬁe on the perspex deck, as;no.adhesige,hadmtogget
onethe copper surface under anchircumetenceeﬂiqc reaschs
already mentioned, o

By using the relation between.capacitance and
frection of area of surface coverage, the. fracticn.cf area of
surface coverage was worked out. as. 8 function of 1nhibitor
concentratioru. Graph I4 shows this relation. | It follows
the same trend as in static mediumand is«nct velocity dependent.
This would be expected as the mass boundary layer, which wculd
be- affected by the adsorption of benzotriazole, is. far smeller
than the hydrodynamic boundary layer and not aﬂfected by it.
(b) .Potential: Expe: Eoui ‘ . {\" f ‘,H

The assembly of the specimen.deck.is as ahcxe except

that a. hole is. drilled into. theecopper to. accommndete the pmbe°
(72)- . | |




The probe is aﬁtached via PVC tubing to tha:ﬁgfavenﬁe,system,
showm in Fig. 22.- The'necessary connections are made to the
potential measuring. 1nstrument (Rye Dynacap) except that the
PVC tublng ls not yet connected to the probe._
On diverting the acld from the by-pass 1aop through
the flow &Ell,.bung.A.in the reference systemnwasplag$gned
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 remaved. from the |
caplllary.of the probe. | _‘
‘ .'The required velaeity was_then;selecieﬁ.andithe potential
Q\Wacopper allowed;to attain a steady value. | o |
The same Drocedure as before was then adnpted to
proceed through the wvarious. velocity and. concentration nanges,
and varylng degrees of oxygen concentration of the a01d
These. results are shown graphically in Graphs I5 to 18,

e) Pctenmxostatlc Experiments.:

A specimen deck was assembled and fitted into the
tést-section of the floﬁ.cell as above. The céuﬁter‘eleatnode,'
the .specimen, and. the reference electrode were connested to
the potentiostat .which. was set at the required patentlal (at

~ the .u<.startuof.a.rgn this wasuglOQOmH with respect to the
calomel electrode).  The acid.wasgdivertedz;ntc,thevflawfgell
'aﬁdfthe air removed from the capiliany of the pfébe'in the
manner deécmibed above. The required flow rate was selected
and-ﬁhe instrumanf switched on. = The current vequired to
maintaln this set potentlal was. taken after it had become
steady.. . This nsually happened very quickly,. bu$ 5 minutes |

_(7%) ~




'.wéfé aliaWed between'changing.the“patential.andmnotingutﬁe
~_current. _ The;pdteptia1.was,then changadhanddicaily 50ﬁv
‘and the. nrocedure rapeated
In.this.way the polarization diagram could be

obtalned for that. partlcular specimen under those particunlar
enyironmental condltnonq C |
| The same proceduve was repeated w1th a..new specimen
at a.different.velogltyo.. Benaotriazole.masmadded and. dissolved
as déScribed previously before a run was starﬁed The oxygen
concenttafian of the acld was also. altered. as. described
prev1ously | ' | N

E In this way, the polarization dlagrams fni varlous
conditions could be“obtaLnedﬁ The conditlons used. ana 1lsted

below -

{a) Pretreated Copper.in Aerated Acid,

As can be. seen from graph .I9, thehb@havibur of.the”l
treated specimens changes drastically within the ranges
Re = 7400 aund Re .= 9830. So it was decided to concentrate
.the. invesxlaatlon on the range. Re.s= 5000 ‘ta Re.= 10,000 for '

this reason

b) Untieated ﬂopper in Aerated Acid.

Graph R0 indicates that no drastic changes occur with
untreated~gopper with the range Rg = 7,400 and .Re = 10,000, .

So these experlmenhb.decldeduon the uela@mty,nange

to be used (5,000.¢ Re< 10,000) and the preliminary expeviments

in static media indicated the bengatriazole concentratian to

be emplmyed‘(O,<ﬂbenzw$miazmleu%<.1m0),

(74)




(e) Untreated Copper in Inhibited Aerated .Acid.
Graphs 21 to 26 show the behaviour of untreated copper in
flowing medla.atgvarlous inhibitor concentrations.
(d) Treated Copgef'in‘Deeoxygenéted Acid, |
Graph.27 shows the specimen's behaviour.
(e) Untreated deper in'Devoxygenéted Acid.
Graph 28 indi.cate;s the specimen!s Tlnlehavici.ur.
v(f)'Untreated Coppén‘in.Oxxgﬁnated'Acid.
Graph 29 shows, the specimen!s behaviour. - -
(g) Treated Copper in Oxygenated Acid.
Graphiﬂlindicates the specimen!s. behaviour.
(h) Untreated Copper in De;oxygenated Inhibited Acid.
Graphs 31 to 34 show the behaviour of the 3peclmen.under
inhibited acid. concentratlons ‘
These results seemed ta 1nd10ate that. oxygen

plays a role in the breakdown of ihe Coppem/henzmtriazale
film. = An experiment was th,e,ne,fore' carried. out with fcr.gg‘i:ed
copper in oxygenated acid with various concentrations. of
benzotriazole. - |
(1) Treated Copper inleygenatedenhibitéd;Acid.'
‘Graphs 35to 4Q show these rea‘ul-ts - This wa"s"ito de-term:l.né '
whether or not the copper/benzatriazole fi;m could"be renewed
on breakdown or\noto L

| All these resulits will be dlsdussed in. detail in
Chaﬁtep 4, e
The graphs designated with an A are g;aphslq? the
qorygspgnding'nﬂmber,but of g‘laréer scalg‘érqpnd ﬁhe'zéro

current point,
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GRAPH 14 Variation in #raction of Surface
Area of Coverage of Benzotriazole
) in Flowing Media, '
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GRAPH 41 -Variation of Rengtance of the Metal Double
Layer in F10w1ng Inhibited Acid.
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CEAPT ER._ 4

Results and Dlscuaslon. ”

4010 BenZOtrlazole as an Inhibitar in¢Static Medhxm

The results of the weight losas (Graph.l) ‘and rest
potentlal {(Graph .2) experiments do not differ signifiaantly
from the findings af Hackerman. and Makrides, .and. Jones, both
 working with thiourea. as an:1nhih1$ormini;hemcannagion”ofmmild'
stéeiﬂighﬁg;@«aﬁuegusjmedia. . .The conrosinn r§$e\iS reduced
by the;é£t&oh".of benzotriazole in. concentratiahsrléss than
0. 5% W1th maxnﬁum lnhlbltor effielency accuring. at a _
concentration of .0. 125% (the critical concenhraxinno, . Any
further addition. of. benzotriaznle causes. the conrosion rate. to'
increase and above a cancentrat;on of .0. 5% benzotriazole acts
as a. stlmulator -ta. corrasian. . The value of the. eriticalA_.
concentratlon is. approx1mately eqnlvalent to. the optimum
benzotriazole cohcentration for xmetreating copper and.. the‘
cancenﬁratmon range. for which,benzotriazole acts as. an.inhiblxor
agrees w1th,tha$.necommended industrlallxm ‘.The.chang@_in |
rest potential caused by the additianMqf;benzetxiaznle'ﬂollpﬁé
. the same?general trend as the corrosion }ate,» The rest\ A
) potential becomes mnre noble (less active) helow a. concenxration
of 0.5% benzotriazole .and more: aatlve -abave. it‘ Balow the'h
critical.concentration it was naticed that the. @otential

... Changed . to its new value more qpackly than above itmzx The

‘above workers notlcad this. phenomenon. and“suggested that two

enﬁlnely.different processes were involved. uHackerman and

A 1

Makrides suggested that,abqve“the<¢ﬁiﬁi¢allhonbent#atioﬁfthe

(76)




behaviour might. be.explained by. the depolarization of the
anodic. neactlon | ‘
When,copper is placed. in 1nh1bitedlacid adsorption
of.bénzatriazole.ionto the.gopper‘surfaca.takeggg;aceﬁﬁenaphug)o
Adscorption increases with increasing_concenxréﬁigﬁﬁo?;
henzatniazﬁle_untilha‘coneentratinn of‘0J125%‘i%gréached,ﬂand
then.on further .increase in concentnaxion.it;dggréases to.ény
almost;eéngtant?valuem.,‘ItﬁisHknawn.that?ﬁwdgdiﬂﬁérght
complexes; of .copper and benzolriazole are pgssihlé;?huppous
and cugfic benzotriazoles. . This adsprption.and.gesbipiion
phenoménon could be due. ta the,fgrma@ion”ofmthe.pépppr;
'benzatniazole‘complaxeq.at different benzothiazole.éonnentrations
and could also be responsible for the two different processes
mentianad above. | T
Initially copper.is_dissdlving ﬂnaﬁ.the surface,
but on addition of IQWtcanaentfations.af‘benzotrigzolﬁ,uthe
formation of cuprous benzotriazole on the copper. surface
. atabilises the, copper., reducing the copper disselution,. As
the concentration 1ncreases$ more adsorption.of benzotriazple
as cuprous. benzotriazole oceurs and the metal dissolumlon |
continues. .to be reduced. ‘A% the critical. concen,tration the
fOrmation of cupric benzotriazole in the bulk salution
becomesypossibleo As the. chcentratlon of benzotriazole
increases, ‘the reactlon forming cuprlc benzotriazole.becomes
more and more. predomlnant and the cupreus benzotmiaéole
complex is desorbed on breakdown.. . Abave. .the concentratlon
of. 0, 57 although.some residual adsorption of. benzatniazole

remalns on. the metal surface, .the copper is; disselv;ng




at a faster rate than if no. inhibitor were present due to the
preferential formation of cupric benzotniazole,in.the‘bulk
solution. |
Reeve (128), studying the overall reaction

cu—>cu™t + 2e | |
stated that the observed kinetics of the dissolution.of
copper in stok:indicate a reaction

cu—->Ccutt + 2 ()

at the surface.

cutt > cutt
at surface .. in bulk sqlutiénuw | (2)
Reaction (1) was found to be the rate of determining step
and could also consist of the intermediate. reactions..
2Cu~—>20u’ + 2e . Cu + cutt o+ 2e.
This. givés the same overall reaction
Cu—>Cu"™ ¥ + 2e.
So that reaction (1) could be hindered by the formation of
the cuprous henzotriazole complex in the manner mentioned ahove. -
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 considered to be affected more than.
the. cathodic reaction. This was noticed.in“a_sexieg of
tgalvanostatic! experiments. . In these,expéniméntshtwn 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

referehce electrode. At low current densities
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(approximately ZpA/cm}),,both”the;anodic.and.cathodic reactions
were polarized, the anodic.reaééion more so than the cathodic
one. . At higher current densities. (above ljuA/cmd) the anodic
reaction became éven,more nolarized whereas the pathogic
reaction remained relatively unaffected.. ThiSft#éﬁd.continued .
throughout the concentration range. ﬁmplayed |

Graph. 4 shows how“the_resistancemafwthg@cagp@r‘in.the
acid yamies,withmincreasinngenzatniazolewcondentgationm“h.The,
resistance. follows. the .Same :trend as. the fraction of area of
surface cnvenage”hy,theAinhibitop@ . As the conductivity of
the acid nemains@unqhanggdﬂphnqnghqu$”pheNcongenxratian"nange
any changes.in the resigtance;of. the oell*m@§t§69§ﬁn:%ﬂ~the
electrical.douhle%layer.quthemcopnﬁrJanduthe.acid”hasQﬁot
been "de-activated! by the inhibitor in any way. IThe
conductivity of the.acid.was“detérmined by measuring the
so;utionunesistanee inuauQonductivitx,ceilwb&ﬁa:caﬁducmixity
bfidge. | '

With pretpeated.eopperigpgcimens“whereutﬁehmemai
surface is totally covered by é'pﬁxmﬂgﬁic?ﬁ:compléxuofmcupmous'
and. cuprlc benzotrlazoles, the rest potential is. more. nohle,
the . welght loss. is less, and. the res;stance of . thé electrlcal
double layer is greaten;,..From,@raﬁhﬁﬁﬁﬁﬂ“ﬁ 1t ¢an be seen that
at most potentials the.surrent“passed,is~less.witﬁ}a.pmetreated
SQecimenAthan.anpuntreatedqspecimen and that. ﬁhe Sxygen
evolution has\beenAsupressed Graphqu &:IO .show. the'
behaviour of pretreated.and untreated specmmens in oxygenated
and demoxygenated.a01d._H,In;pxyggnated~snlutlans\the eyoluxlon

of oxygen occurs abt a. lower potential whereas. ln de—oxygenated
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oxygen evolution is supressed.
With pretreated specimens on the evolutioﬁ of
»oxygsn.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 benzotriazole and copper oxide.
It appears that on the evolution of oxygen this film 1s
weakened ‘and drifts off the copper. In de-oxygenated acid
oxygen evolution on pretweated copper is completely supressed
and the surface remalins quite bright. On'untreated copper
oxygen is just beglnning to form and the surface has dulled.
Thi.s seems to sugegest that oxygen in some way
~ causes the breakdown or remgval of the inhibitor complex film
on the surface. o
From Graph IX & I2 1t will be seen that the aathadi@-
section of the curve in the presence of ﬁhe varying.concentxation
of begzotriazole bahaves very similarly to the pﬁgpreated |
specimen CGragh‘é)o The anodic portion of the curwe indicates
that less current is passed and the oxygen evelution reaction
is Su@fessed to a greater extent than the pretreated specimen.
Therefaore the action of benzotriazole is not totally blocking
as less than 90% surface coverage by benzotriazole produces
the same cathadic effect and supresses the oxygen by a. greater
'extent thah,a pretreated speclumen. Benzotriazolé is
adsorbed onto the copper surface by losing its labile hydrogen
and thus obtains a slight negative Qharge around the hitnqgeﬁ
atomQ This nitrogen atom Will act as an anchoring group on
adsorption. When a copper surface is.anodle, this could-causg

a stroﬁger bonding of the benzotriazole to the copper by

(80)




increesing the positive charge on the metal. A larger
potentlal ar 1nh1b1tor concentration is then requlred to form
the cupnlc benzotrmazole complex in solution.u: With pretreated
copper, the film cannot be renewed on breakdown, so that anodlc
inhlbltion, although better than untreated copper, is net a8
effective as inhibited acid at anodic potentials.

- The determination of the rate of weight loss of a

5pe01men “Frot polarlzatlon data(ﬁraph IB) using
Q
E-17¢
C /3.!. Eom‘r.

agpees,very closely wikbh experimental.findingg Lﬁyaph I) and
thenefore”SEems applicable to this metal/acid sysfem. '
‘These results seem %o 1nd1cate the,inhihition,of
the eorr051on of copper in sulphuric acid by benzo$riazple
occurs by ancdic control supplemented by aeblocking action

by anodic adsarntlon and that breakdown.in inhibitar efficiency

i1s caused by the action of oxygen.

Craph T4 shows the relatlonship of the fraction of

surﬁaee area Qf coverage hy adSQrption of'benzo$niazole to the
cohﬁéﬁtratipn af benzotriazele in the acid sq;utionfr..mhe
?eia;iqnship follows the same trend as ;p.stepic-medieﬁwith ’
meximhmﬁepee e@.eoverege bemng,affdpded.at:a benzotriazole B
conceﬁ&;at;on of 0.1%. As the mass transfer bpeﬁaaiy layer is
far smeller.than the hydrodynamic boundary‘la&et@'the area of
coverage 1s indepenﬂent of the flow rate and dependant on the
concentratlon of benzotriazole in the acmd .”ThlS-iS as expected.
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However,‘the resistance beieé‘ independant'efftﬁeifiew rate,

is a comgiete reversal of that, in etetic medie(Grephs 4 &4T ).

When the. area of coverage of the metal surface is a maximum, |

the res1stance of the electrleal double layer or the metal 1s at

a minimum.  So any 1nh¢bitor efflciency of benzntriazele in

flowing acldic medle cannot be attributed to the 1mpositien of

a resistance at the metal/selution interfece, as wes pessibie

in the.cese of. statdic medmem Also pretreated copper has a

lower resistanee than that thelned in.o,l% inhibited.acid ‘
Graph I shews the dependence of the rest potential |

of pretreeted copper on the flow rete of the aeidw Asuean be

seen, the rest potentlel 1n de—aerated acid is almost | |

insensitlve to flow, whereas with both the. aerated end

oxygenated aced there lS an inecrease in rest potential, The._ B

rate of 1nerease in potential decreases as the flow rate increases

This,ghenomenendcen be explained as 1n Figj2m04: .In.static

medium the copper in equlllbrlum wmth the ecid may be o

represented by CBA and the potential end corrosian current are

given.by Beand. . When the metel is pretreated with

benzotriezele, the anodlc reaction is affected (AB moves to AD)

and the corrosnon potentiel 1ncreases to Em and the eerrosion

current. decreases to 1o . ~ The effeet.of flow en‘thexsystem

is to eﬁhenee the cethodlc dxygen reduetion reection (ie.Ea to

Ea Y. So if the anodic dissolution of pretreated eopper B

remains uneffected due to flow; the efﬂeet will be te increase

the potentlal and the eurrent aceordlngly, 3,‘

Grephs I6~18 ehow the varietmen of rﬁ;t potential
w1th 1ncreas1ng benzotrlazele coneentratlon in the ecid at
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Fig.27 Explanation of the Potential Behaviour of.
' Pretreated Copper in Flowing Media.




increasing flow ratés; the acid being deaaerated (Graph 16), ‘
aerated (Graph I7 }eand demaerated (Graph IB). Ap in static |
media, the general trend is to mave the rest potential to a more
noble potentlal on the addition of benzctriazole with a
mnxmmnm.occurlng at a concentratlon.of 0.1%. Further increase
in concentrataon abave this value causes the potential to move
more active. SRR

- In de—aerated acid where the potential variatian is
independeént of flow rate, the potential shift anodically ,
(occurlng between 0% and Oil% inhibitor) and-the_concentrétion
range Where‘the potential is more noble than at o iﬂhibitor,
is smallest In aerated acid, except at the. highest flow
rate, the rest potential is always more noble than the
uninhibited acid and the potential shift has increased, With
oxygenated acid the potentlal shift is larger than in aerated
acid, but the concentration range over which. the rest potential
is more noble creases. This could he explained in a similar
manner to the pretreated copper. Initially at 1ow concentra~
tions, adsorption of the benzotriazole onto $haugppp§n takes
piace, altering the anodic reaction and moving‘tﬁeireSt potent;al‘
.mnmeAnoblem_ Maximum rest potentlal correSponds to maximum |
surface covérage pesqrption causes the. rest poten$ial to
move mére acfive. As the flow rate 1ncreases,the effect on
the anodlc reactian, decreases, although adsonption still takes
| place ~ Otherwise, as the flow rate 1ncreases the cathqdic'
reductlon of oXygen, the potential wrise at higher “flow rates

would increase, in fact the reverse is- true(iﬁso 26)-
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(a) Behaviour Wwith Pretreated Goppsr,.

.As can be seen from Graph.I9, the behavicur of

npretreated copper is similar to that in static medﬂnanpto a . .

Reynolds! Number of 7400.  Above this Reynolds' Number, the
copper/benzotrlazole film has braken down in. snme way and metal.
dissolution is taking place at far lower patantials‘}"The
breakdown appears to be gradual as an.increase in flaw rate
causes the breakdown to og¢eur moxe sharply and at more

cathodlc potentlals,. The copper .specimen haa noh reverted

back : :. to an untreated specimen as metal dissolutien is

dccuring more vigourously &after the breakdown.on'a pretreatéd

" speclmen than on an untreated specimen, In fact at the

highest flow rates metal dissolution and oxxgen evolution
occur 51multaneeusly _" |

The surface of a pretreated specimen is a complex
mixtureimfcupmous and cupric benzotriazoles and it ‘has bean

shown (129)~that uunrous benzotriazole can be oxidised to

~-cugxic Anns and benzotrlazmle purely by the action of. the

disselved oxygen in solution. As the flow rate, 1nnreasns, the:
dvaLIabLlity of dlssolved oxygen at the metal surface increases‘.
co;?ngpndlnglx. ThlS dlsSleed axygen diffuses thnmugh hhe
surface‘layer ﬁo the benzatrlazole/copper film and oxidiges

the. cuprous benzotrlazole to cupric ions and Benuotniazole.

As the copper surface is still cathodic the slightly negatively '

charged benzotrlazole will not be attracted back onto the
surface, but attracted.by the cupric. 1ons in. solution4 -'Thé

surface will now be partially protected by the rqmalnlng
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-eupric benzotriazole still chemisorbed on'the copper
surfacé, but corrosion can s6ill ocour from the anodic
(unguarded) arveas of‘the‘speaimen, The corrosion over a
pretreated copper specimen which had broken down, was not .
uniform dbut severely pitted and scarred; th"type of
corresion caused by the type of galvénic action mentioned
 above,

If oxygen were the cause of breakdown of the
pretreated complex film, as mentioned above, the film
should remain intact in de-oxygenated acid. Graph (27)
indioates*that the Tilm 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,'Gomparison with graph (28) shows that the breakdown
of the'benzdtridzole complex ogcurs aﬁ a higher poteﬁfial
than the:untreated“%ﬁecimen~anﬁ above.the‘potential'ét
~which oiygen“is evolved.\As in statip mediumthe oxygen is
evolved af a 1ower'rate‘than'with'untrea#ed copper. This
could be due to the fact on bfeakdown*from:cdprous
- benzotriezole tq cupric ions and bgnzotriazole, there
‘still exists a_siight attraction between the benzotriazole
and_the‘speciméh as breakdown has occurred when the
gspecimen was ansdic. . o

Graph (29) shows the‘behaﬁiOur of the untreated
coppér in'oxygenwsafurated acid. Although the eathodic
portion of the curve is mot flow ‘dependent and the oxygen

evolution occurs at a lower potential. The anodic Teaction
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is initially polarized, but at the‘highar"fiQW“;atgg'iﬁ
becomes slowly @epolarized againv‘Withﬂpretxgaied copper

in oxygenated acid(Graph 30) oxygen evolﬁtion“ang_meﬁgl
,dissolution oceur at a 1ow¢r_potpntia;-thgp_ipwaer§ﬁe§

acid and also breakdown occurs below & Reynold’'s Nﬁm%er
deSOOO‘Whereas infaeratgd agid, it\pggurg_abpyg;?épo&

The availability of oxygen iﬁ thisg casé-has increased -
and it -seems high]y 1ikely that oxygen is the'cause for the
film breakdown and the benzotrlmzole 105@5 its’ 1nh1b1tor o
| eff‘ectlvenessq Although if breakdown occurs when . the sp301men
.13 anodic, the action IS.SUQPTESSQd silght;yr'ﬁh;s ;s dpe

to a slight attraction between the ppsiﬁively'bharged metal
and the nggatively charged benzotriazole. ._
| " If the film breaks down, perhaps it would be
éoséible to repai;_thg film. A series of experiments were
Undertakeﬁ Wwith pretreated copper in inhibited oxygenated - -
acid{Graphs 56-40)'to see if-this were pOssibleo If breakdUWn
OCCufS at a cathodic potential and there is mo attraction -
between the copver and the free benzotriazole, the
concentration gradient wbuld drive'the bepzo#x;uzole tgwaygﬁl
the coppef as opposed to away from~ito‘Tﬁep‘perhaps the'£ilm
could be renewed or the inhibitor efficlency increased by
adsorption or by a masking of the metal, 4 _
At low concentrations (@Graph Sé) the cathodic

portion of the curve seems extremely flow sen31t1vec This . ..
would really be expected as it 15 Wlthln thls reglon that the
‘Tbreakdown of the film takes place in oxygenated acid (Graph

30)and, if the film is to be remewed this is the.region
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_where it would ococur. Oxygen evolution is supprésséd“until
positive~(w°r.$wfcalomglj potentials are attained and -even
then gas e#p;ut;on is }eés vigorous than with untreated
copper in aerated acid.

| As thé concentration of benzotrigzole ig';ncreaSed
(Grapns 57-49) the cathodic pertion of the curve becomes less
flow sensitive whereas the amodic portion varies with the
concentration of benzotriaﬁole in the acid. The metal
dissdlution occurs at a lower potential-initially° At a
benzotriazole concentration of 0.I% 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 inoreased,so the
‘metal dissolution curve is depressed cathodically. The
oxygen evolution is suppressed to a maximum at 0.I%, but all
are suppressed to a greater extent than pretreated copper in
oxygenated acid.

With the I.0% benzotriazole concgntrat-iori the film
seems to be undergoing breakdown and renewal successively in
the cathodic region, The film breaks down momentarily,but
with the high benzotriazole conoentration'in the solution,
diffusion of the benzotriaszole to the point of breakdown of
the film occurs and either film renewal or a masking of the
exposed aréa takes place, The metal dissplutién 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 ilowing aqueous acid media containing
dissolved oxygen is exXtremely hazardous. If the film breaks
downy, severe corrosion of the copper will occur with the
eventual failure of the component. With benzotfiazole
present in the mediww, 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 %he‘inhibitor.ﬁu |

It now seems logical to determine how the untreatedi
copper reacts in inhibited acid.

(b) With Benzotriazole present in the Aecid.

Graphs 2I=26 show the polarisation behaviour of the
untreated copper in aerated acid containing_increasimg
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 lpwer
velocities. . This is due to the felativevamduﬁts‘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. Aa?flbw
rate increases, the cuprous complex becomes more stable and
affords protection. At higher concentrations, the cupric
benzotriazole is formed,but this stabilises the copper in
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solution. Protection will be reduced -even though -some
residual adsorption of venzotriazole remains.

At higher Velocities-the pH of the bounda;y 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 of the 00pp;r in solution as cupric-benzotriaﬁole;
At low inhibitor concentrations the cuprous complex is |
formed but as the inhibitor concentration increases, the
cuprdc form is also formed and corﬁ%ion'takes place. At
higher inhibitor concentrations botWithe benzotriazole
concentration gradient and the atcractlon of the anodle
metal surface draw the inhibitor towards the metal,

Protection is then afforded by a masking of the metal

gurface.

It was hoped to confirm these results by applying

the relation e L.
K = <LE£)
_ O A /Eecti.

to the system. Unfortunately,in many cases there were not
; . A EL.
enough. points near to zero current to obtain (a/é.x)sw“ with

any certainty. (ék/a.g)g&eacould be obtained over a range ol
I00mV, but this would invalidate the above equation. Using
untreated copper iu uninhibited acid, valid use of the above
equation was possible, but‘not\in'this case.

With untreated copper in inhibited dewoxygenated
acid(Graphs 3I-35) except at very low concentrations, the

cathodic reaction rewmsins unaffected by flow changes whereas
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the anédic'regctign'ié'po;arisgd‘and”the“pxyggn pyolution

1o cuppressed. At intermediate end high concentrations of
inhibitor, the anodié'rggqﬁionbis_polg¢i§gg?“gslapqve,'put_a\“
regiop of‘p&ssivation pccurs:befqre_thghggygen'gvolutipn:takes
place. 1In all cases oxygen evolutippﬁqpcu;s-;ess_vigprousiy
then in uninhibited scid. This is probably due to the
bemzotriazole hindering “the diffusion of oxygen away from-the
metal surfaee, |

The polarisation data obtained for untreated and
pretreated copper in statie mgdia_agre§s wi£h'th¢-fipdingg'pfv
Cotton who worked in 3% sodium chloride solution. He,however,
explained the resp}tgxin'ferms of the inhibition of the
oxygen reduct;on‘;eapﬁién;

The phenomenon that,when pretrested copper breaks
down in flowing media,the cpper supface‘has“bggp‘actﬁyated in
way ig borpe yout in.pract;ce.__Whenbpwp‘gpepimgns(pne
treated,the_other-pretreated).arg_place@ togéther in a
corrosive me@ig,the prgtregﬁed pne_;S‘protected'whi;e ﬁhe
other corrodes. However, on the breakdpwnlpf the protective‘
benzotriazole film, it is noticed that after a time the
pretreated and untreated specimens have both porrpdeﬂ to the
same extent, Therefore after breakdown the pretreated .
specimen must be corroding éuicker than the gnﬁ;ea@gdlgngg

It is also known(I3I) that, in potentiostatic
oxperiments: although the instrument is maintaining the
specimen either anodic or cathodic, it is possible to obtain
"kicks" of current in the reverse direction. The corrosion
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mentioned previously (i.e. corrosiom due to the pretreated
film breaking down to form guarded and unguarded areas
and scarring corrosion resulting) could therefore take place

gven though the specimen was being held anodic or cathodie

by the instrument.

(¢) Effect of Flow on Corrosion.

_Graph lb Shgws-ﬁhefvariatiOHJ6fﬂ$hgﬁ&ébﬁupot¢ntial
.-of an-untreated copper-spécimen-im-uninhibited acid with
increésing flow rate, It willnb§ se¢g“thathiﬁh de~oxygenated
acid there is no significant dependance of rest potential
on flow rate within the range shown(Re=I500 and BF?iOQQQQ)o
Any slight fluctuations in potential would most certainly
bevdggatpq@hg last traces of oxygen(OOOEQQmo) remainiﬁg in
the solution. |

However,with aerated and oxygenated acids the rest
potential decreases with increasing velwcityﬁuntil;a velocity
corresponding te Re=6500., Above this flow rate the potentials
of the two cases become equal and independent of flow rate.

This can only be explained hy_both the anodic and
cathodic reactions being affected_by tbe flgw ratgathe‘agodic
reaction more so than the cathodic reaction. This igjunlike
pretreated copper where only. the cathodic reaction was
affected, . o |

By injecting dye into the system,it was found that
laminay flow existed below Re=5500 aund turbulent flow existéd
above Re=6000. This means that in the turbulent zone the
potentials of untreated specimensare the same in aerated and
oxygenated solutions. Iu bhoth cases the rate of inerease in
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the cathodic direction was constant within the laminar region
and zerO'Wiﬁhin the turbulent region. B
Graph 20 shows the effect of flow om the =
pplapisation;beha?ipur of an ﬁntreated“coppgp speqimgn»in
aerated aqid} VThe e£fec$ oﬁ f}pW';s ipiﬁially tp\pp;a;isg
the:anodip reaction cathadicgllﬁ and to qu}vé_oxygen at_ai_
lower potential then-at Re-0. Further imcrease in flow rate
causes the anodic reaction to be depolarised and to suppress
ﬁhe evolution of oxygen. The rate ofveyplution'af oxygen
also increageS'With increasing_fléw rate.. b
By using the relation X = S{%?is the weight loss
. : A . : - A JEeopl. - - -
of gntreatsd copper at various flow rateg,has pepnjwoxked
oute. Tﬁe relatiqn is shown ipAGraphvég gg'gqr:osiqp :ate
against velocity, _Unf‘o:;vtunatelys these results only:apply’
to the turbulent region. This is becauge @uring-pre;iminéry
experiments in flowing media, it was decided that the
breakﬁowniof the copper/benzotriaZQIeVpomplex<Qgpurred
between Re 7630 and Re 7400 and the working range was
decided at Re §OQO and Rg IOSQOO?' o o " ‘
Within the turbulent region, these weight loss
values fit an equation ol the formé
K:aGVFk
where Kh:weight losSa '
V = velocity of the acidp
¢ and n are both constants. N \
This\ié & similar expression to the one‘de:ived by'Dppgt‘fqr
the dissolution of steel tubes in concentrated sulphuric acidg
Extrapolation qf this curve baeck to the
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commencement of»turbulent flow gives\a_wgight”;OSS‘va;ue of
Q.OﬁBVmg/docmé%q As the expeximental_vélue for the weight
loss_in static media was‘Of056§ mg/docm§%9 there"gppears to be
a velocity a@ which the corrosion rate igAthe’samg as‘in
static media. Several workers have reported?a minimum
corrosion rate when inoreasing ihe_flow_rate,‘.;n_ﬁhis_case

it is not known whether-mhe corrpsiopﬁratp_decreases or
remains constant within the laminar region.

Traces ofkoxygen in solgtions have beenlknown to
have an inhibiting effect-by adsqrbing_qntp the anpdip‘gites
~of the metal, Coppgr ;s kanp to be_ppvergd w;thla‘layer of_
oxide and ip these experimegﬁg.thig.;dep_of ogigg‘cou}d have
been rempved in thg very thorough qlgan}ng’procgsgyl On
immersion in the acid the corrosion rate would first fall
due to the formation of this protective layer of oxide. 4As
the concentration of oxygen at_thg'popper interface increases,
so too the corrosion rate increases.

Graphs 7 and 8 show the effect of a reverse

trace (anqdic to cathodic) on the polarisation sweep., With
*uhtreated copper (Graph 7) the reverse sweep passes more
current than its forward counterpart., This would be expected
of dissolution, Consequently ithe area of the specimen will
be effectively larger in the reverse trace and therefore the
burrent‘pagsed will be wmore, As the ayga.oﬁﬂthe specimen has
incressed, the instrument will pass more current to maintain

the same current density at the same potenmtial. But to obtain
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the current'density for the drawing of the graph the
original area of the_spe@im@p was used and;gvhigher currentu
density was therefqre obtained., In the, case of the’pretreatéd‘
specimen the reverse trace had to be commenced before the
evolutibn of oXygen, as thishwould Qauggkﬁhe peelipg'qff of
the benzotriazole film, However, the current passed is ggginwl

more than its forward counterpart,probably for' the same reasori.




CHALZPTER b

Conclusions and Suggestions for Future Work.

5.,I. Conclusions.

The following conclusions may be drawn from this
investigaﬁion-m

(a) Pretreated Copper.

(i) In statip’cpnditipns\the Qorxosiquqg?pggpe; is_g;eaﬁly
reduced end benzotriazole acts as an offective imibitor.
(11) Innibitor efficiency results from the ability of the
copper/benzotriazole complex to imhibit the smodic veaction,
(iii) In flowing conditions.%hg copper/benzotriazole film

- . . - "
behaves asg in static mediumupto a velocity corrdsponding

Re=7400, |

(iv) Breakdown of this complex inhibiting film is caused
by dissolved oxygen Qxidising”thg‘Qupyppglﬁengqtriazd}e in
‘the complex film to cupric ionsIénd.benzOt;iazqigyAfter the
breakdown of this inhibiting film,very severe corrosion occurs
due to the formation of large cathodic(guarded)areas and
‘small anodic(unguarded)area§, o _

(v) It is possible to rénew the qoppgr/bgpzp?riazole film
by including benzotriazple in the“flowing mg@iaé‘. '

(vi) Oxygen evolution takes place less vigorously when
benzotriazole is present in-solution. This is dus toa
slight adsorbing of the negatively charged beﬁ;otriazﬁie onio
the anodic copper surface and ahindering of the oxygen

diffusing away from the metal surface.
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(b) With benzotriazole present in the medium.

(1) in}gtatip conditiqps,_peantriagplg\écts as an
inhibitor within a cértain concentration range (0=0.5% |
benzotriazole). - ) ) |

(1) Tnhibitor efficiency vesults from the inhibiting of
the metal dissolution reaction by adsorption onto the metal
and/or enodic sites on the metal . L

(iii) Inhibitor efficiency in flowing media depends on the
relative amounts and so;ubiliﬁies“of cupxiq“and'cuprous
benzotriazoleg Tormed on th§ @eta1 surface.

(iv) The inhibitor efficiency of benzotriazole in flowing
media is due‘to the inhib;ting of the anddiC'xeaction and
loss of‘inhibitor efficlency is due %o a depolarisation of
both the anodic and cathodic reactions,the cathodic more so
than the anodic. S

Hacke?map, in his work_on‘the adgo;ptiggvpirorganic
inhibitors, intended to correlate inhibitor efficiency (as
determined by weight loss experimentg)"to the fraction of
area of surface coverage by the adsorped inhibitor (ae
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 oceur outside‘»vf
this concentration range, where adsorption still persists

but corrosion has been stimulated. . o
However in flowing media the fractiom of area of
coverage was found to be independent of flow rate, but

dependant on the benzotriazole concentration in the acid.

(o6)




The corrosion of copper in inhibited acid was found to be
dependent on the relative solubilities and councentrations of
the cbéper/benzotriazolé complexes which in turn, are
dependént on the oxygen concentratign at thc surfage, This
increases with increasing flow rate. So the‘corrosion is
flow dependant whereas the surface coverage is umot and will
therefore ndt'be an indication as to the efficiency.

So although iuw this casae thé fraction of area of
coverage could be correlated to the corrosion rate in static
media, 1t seemg unlikely that this would be a universal
inhibitor evaluation test., In flowing medias too many

. variables are present to permit the fraction of the area of
surface éoverage to be the sole indication as to the inhibhtor
effectivencss,

These experimental results also emphasise the
findings of other workers that static_results cannot he

relief upon when used in flowing systems,.

D.2o Suggestions for Futﬁre Work,

In this investigabion the experiments were carried
out below 30 C.. However it would be interesting to study
the effect of temperature on the iﬁhibitmr efficiency of
benzotriazole. There is a very greab improvement in the
ccating characteristiocs of bgp?pﬁpiagplg_abgy§_§Q Q,Fu This
could be accompanied by an increase in inhibitor effectiveness
as adsorption would be chemical, as opposed #0 phygiga;ol,This
wduld mak e the destruction of the inhibitor'film.by oxygen
moré difficult and repair of the film more easy. .If'the
coating characteristics were greaﬁly improvedy pretreapmsnt
of thé copper would ﬁe wnnecessary at the higher temperatures.
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A8 the breakdown of the ooﬁper/*benzotri’aﬁoi‘-é“film

is oaused by the oxidatlon of cuprous benzotriazole to cuprlc

ions - and benzotriazole, 1nh1bitor efTectiveness should be

| maintained if the oomplex film consisted entirely of cuprie B

penzotriazoie,_ A.method by whioh thls could -‘be- effected

ﬁould;the:eforolpe useful. The Gexgy’Gompany“axo'pgoduoing

é”ﬁew_tﬁhibttpr thidh consists of two Eenzotriaioléwmoieculosr

joihed‘vio’the nitogen atoms; Like benzotrlazole,thms.
1nhibitor will enter 1nto combination W1th oopper and its
alloys. Due to this- molecule hav1ng two nztrogen atoms
‘to act as’ anchoring atoms, a more olosely packpd inhibitmng
| film‘would be formed on the<meta1 Burface and ‘may ‘be less
»ensitlve to ‘the action of oxygen than benzotriazole 1tsel£.
 The study of this inhibitor and related molecules Would
prove interesting. ‘ 4 _ 4
_ The exact nature of the adaorptlon hond 18" not

'kﬁown. The speed with- which the potontial changed Seems ton
suggest a- physical, rather than a chemlcal, bond. 'Further '
adsorption, and desorption, experlments may throw more light
onto the bonding meohanlsms undergone between the metal an@
1nhibitor at various stages of the coxr051on process. o

B - It would be a great help to construct a standard
oorrosion'cell, which it would be posslble to study
potential9 weight loss, capacitance, and polarlsatlon
'behav1our both in static and flowing conditlons° A
present many . workers are investlgating oorrosion prooesses

1n flow1ng medma, but many different flow models are belng
CL , (98)
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employed. As the flow zhavacteristics of each modél‘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 make the different workers results comparable.

(99)




ATPENDLX T

The instruments used in the experiments were:-.

(2) Pye Dynacap pH meter (eat. mo. IIO72). i
Ranges: 0 ~ I00C mV, |
400 - 1400 wV,
7 sub-ranges of‘zoo mV, -
Linearity: 0.I%Z of the full scale on main ranges.
0.3% of the full scale on spb-ranges.;'»
Effect qf 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 mA outpuﬁ for a full scale
deflection is given:

IwA/mV on main ranges.

5 wA/mV on sub-ranges,

(b) Wenking Potentiostat (mod. 6I/TR)

Ranges: X 2000 mV adjustable against any external standard

electrode.

Output voltage: 20 V.

Output current: I000 mA. '

,Sensitiv1ty° °

(i) Voltage - (a) after 30 mln. warm up = 2 mv/hr.driftni
(b} after 300 hrs. eperatlon -5 mV/@r.drift.

(1i) Current - I.5% of full scale deflection. |

Effect of supply changes: a mains voltage variation of IQ%

gives a resultant shift of less than * 0.6 mV. . B
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¢(c). Beckman Iaboratory Oxygen amalyser (model 777 )

iRéﬁgéé: Q_-'E#S}p,p;ma‘ef dissolved oxygen.

0 ~ I0 pepom..
O - 40 pe.polocs B ‘
Linearity: 0.5% full scale deflection;
Accuracys  I.0% full scale deflection. _ m .-

The key to the instrument is the Beckman Qxygenjéenéoxg
a polarographic electrode which quickly an& 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 read outheckman
Model 777 Laboratory Oxygen Analyser.

The Sensqrﬁfiig.AI)

The sensor is basically a polarpgraphicLoxygen .
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 KCL gel is held in place by the
mémbrane and serves as an electrolytic 5gent°

In operation, the sensor is placed in the sample and a

potential of 0.8 V. is applied between the gold cathode and

gsilver 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 ares-

Cathode

e

Oq + Hy0 + 4e —s40H
Anode 1 4 Ag+ 4 €L —=4 Ag Cl + 4de
A

-

the oxygen in the sample is slowly consumed, it must

W

(10T)
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be replenished for the sensor to operate. The flow of the
sample past the sensor must exceed I.8 fto/s8ec. for this |

PUTPOSE.

(d) Blectrolytic Conductivity Bridge (Type 4896 ).

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

Resistance = 0s5% .

Capacitance =~ ¢ in I000 on the 0.0I p F decade.

2 in T000 onwthg QOOQII¢F'decéd§¢

The balancing arm consisﬁé of a »=~dial precision . .
decade resistanoe in parallel with a mica variable capaoituf
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=897B]

This instrument wap used for capacitance measurements

in flowing medid.
Ranges:~ IppF = 100 pF in three. rangess
Accuracy:-

IppF =~ I00 ppF ~ + 2% or ¢ IpuF (whichever is greater)

- I0OpF -~ IO pF = * IZ or * 2puF (whichever is greater]

IOpF - I00 T - : 0.5% falling to * I at 100 Fo
The residual error of the instrument is less than 2.Bupk

(£) Reference Electrode.

The electrode used in these experiments was a saturated

calomel electrode, which nowadays is the most common one used,

{102)




This consists of a mercury eleectrode immersed in a saturated

solution of mercurous chloride and alectricai eonneqtion is
made via a platinum wire and a solutiom of'KElo The value of
the potential depends on the concentra?iqn~of KC1,
| Potential Value, _

0sI.N.KCl, ‘003338 ~ 0.00007 (t - 25) Voltsg.
I.0.N.KCl. 0.2800 -~ 0.00024 (t - 25)
Sat. KCl. 0.2415 -‘OQOOOVG_(t-v"SS) | - -

Although the saturated calomel electirode 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 KCl. Periodically they were

checkgdhagainst each other before being used in an experiment.

(103)




APPERDIX 2

(I) Flow Relationship used in the Experiments.

The three rotameters were first ucalibrated in mls./min..

(Charts I,2,and3),

Reynolds® Number, Re = P.d.V.

}vl.
where velocity, v = Q cms/sec. = § igwthe*fIOWbrate
3.24 % 60 in.mls/min.. -
density, = I.IIT grms/ml.. from ‘*Intermational

visoosity,p

(£

1.0909 centipoise \ Oritical Tables.'®

%/ Cross=-sectiongl Area: (70).

= Ioﬁ'cmg.

equi.diam., d

7]

Therefore Re

i

I.IIT x I.8 x §

3.24 ® 60 x 1.0909 x I0°°
Therefore Re = 094 X Qo

So, Reynolds® Number = 0.94 % Flow Rate (in mls/min. )

(2) Calculation of Specimen Areas.

(a) Weight Loss Experimentsse

O amy,

Area of specimen exposed,=

2(3.8 x I.8) + 2{0.I x I.8} + 2{0.I x 3,8)
14,78 cm®/specimen.,

7]
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. . . 2 .
Conversion factor for grms/specimen to mg/day.cm o1is given by:

1000 as time for exposure was 32 dayse.

32 X T4.78

Theréfbrg anversion factor = R.1R.

(b) Potentiostatic work in Stationary Media:-

18 oms.| 1-Ofshs.

< 3 OCMS,
S, . 3-8cwms.

Yy
<

#

Assuming that the curved edges are of the forms~

A\ 4

- v e

Ohens.

et et

. O howas. .
The area of the electrode exposed to the acid is given by:~

= (3.8 x 1.8) — 4[j(p,4 X 0.4) = 1(0.4 x 094)]
= 6.84 - 0.I4 |

L:- 6 GV?O cm2¢

Area of the specimen = 6,70 cm2

(¢} For 0ppac;$ance Meapuremehts in Statlc Medla--

For thls series of experimenis, a hole (of area 0,083 cm ) was
punched in some masking tape which was then firmly placed

completely over the copper surface.

Therefore the area of the specimen = 0,083 em2¢
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(@) In Flowing @gdia:-

WS
| e e
1-80ws, 'LJ

I Bomg.

N

h
" ad

]

N .Area of the specimen (3.8 x 1.8) =~z(0.I x 0.1}

1

6484 ~ 0.0

6.83 cmsig

4

‘Therefore the area of the specimen = 6.83 cm®,

(@) Calculatian of Weight Losses from Polarisation Data.

The ralationship K= /C;“B was used “to determlne

~ the theoretical values.

To determine the constant,C --

Erbm.exrq:impntal weight loss data,it is known that at a »
_conbentrafion of 0.05% bgnzqtria2q;gnth@)Wg}gbﬁ_;ps§vpf_ppppg;#
wag 0.04I5 mg/d.cms.. From the polarisation curve for untreated

copyer in acid containing 0.05% benzotriazole,

=, I0 mV '

ES Kwﬂ'o .0009" -mA/ecms,
¢c = Q. 04I5 x IQ mg . mv
0. 0009 d oy

O = 445 mm2.u

Corrosion Rate = _ 445 mg/d.oms.

(éﬁbx;;ww

(IOG)




APPENDIX 3

The Hitrogen Gas, used for de-axygen@tipg the acid

media, had.fﬁe‘following compositions=-

-

Nifragen“ QQ.QZdryggas; _ -

Ooxygen not less “than IO vpm.,but Lless than 20 vpm.
Carbon Dioxide- up to 20 vpm.. |

_Ca;bon Monoxi@a nil,.

Other Carbon Compounds are less than IS5 vpm..

Hydrogen maximum of 20 vpm..
- Neon . IB0 vpm..

Argon less than 50 vpm..

Water Vapoui 0.0 %o 0.02 grams per cubic metre.

Thé-compogiﬁ}on;of the Aﬁa}ar sulphuric acid (S.G. = I.84)

before dilution wass-

Acid not less than 98.0%
Non-Volatile Hatter 0.0025%

Chloride 0.0002%

Nitrate 0.00002%

Selenium- 0.001%

Iron 0.0001%

Heavy Metals 0.0002%

Ammonia 0.0005%

Oxygen 0.00015%

Arsenic 0.60001%
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APPENDIX 4

Design of the. Packed Tower,

Assume that the acid initially is saturatedlwith air at
25°C. | |

The maximum concentration for oxygen in white spot
nitrogen = 20 ppme.

=2 x 16°
Henry's constant for oxygen at 25°Q - 4,01 x Iof#
Therefore the o&ygen‘conqgntration in the aecid can be reduced,
by sérﬁbbing'wiéhmwhiﬁeuébot“nitfpgénﬁtoaw
-4.01 x"id‘"‘x 2 x 10°° 8.02 x 1074

Assume that the oxygen concgntration is reduced to I x qui

Due to Norman (I130)

Z= G6m (3 'Yz)

“ . ‘K‘_a./g, A)’LM"
where Z = height of the tower.

Gm

"

liquid flow rate.

¥, and ¥y, = initial and final oxygen concentrations.

/O

Ay = logarithmic mean of y» and ¥z

o

=V
J

In Y=

3]

it

.density of liquid.

Therefore 4 = Gm. 1ln yy&x

jigmfﬁ
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Due o Sherwood, Holloway, aud Molstead (I30)y the value of

P

K a for ring packings within a 20% deviation either way is

given by~

K - 120 / b O™ > 5
j5”~ -
where‘Kga = 1iquid-phase Lransfar coefflcient of the tower
D = diffusivity = 4.33 x 10" cms/hr.

po= viscosity

1;0909 centipolise 1.09 zﬂd%oise.

density I.IIT grms/ml..

[
1]

L = Gm = liquid flow rate I8.7 x IGagrms/hr.
(Assumiug only I liquid pass per hour,. ).

Substltutlng the above values in® =

K.a . 120 x'4.33 x To /18.7 x IO) .~ T309:x 10 oS
1.09 x IO 4,33 x I0 x I.III

51 X 4.4738 x I0 X Q.46.

-

ITI.2 x 10 .

Substituting this value in (@ =

1n?yy = 2 x 30.48 x IIT.2 x 10 x I.III

I8.7 x I0
Therefore 1ln yVQQ = 9500.
As can be seen the value of oxygen concentration estiméteﬂ;
(1 x Idg) can easily he reached. The practical evidence, as
given by the Beckmapn Oxygen Analyser, confirms that the
oXygen concentration in the acid can be almost peduced to zero

- as a maximum it was found to be 0.0I pEm..
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