Electrochemistry (784)

Chapter 22
Corrosion
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Electrochemistry (785)

Corrosion
(exposed)
I"#
03/0 )+ )2 #( )+ ,-./0 1! '$% &
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(oxidative deterioration) I "#$ "%& | &

- +,"' (conversionoflron)& "()!" *

5'"' (steel)34", (visible corrosion)0 ' 12" .
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? < F2<& )>(difficult to prevent)"< ?)4"’
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Electrochemistry (786)

Rust

Pits

(b)

Fig. (22-1) :

a) A bent nail corrodes at points of strain and "active" metal atoms.

b) Two nails were placed in an agar gel that contained phenolphthaidi
potassium ferricyanide, #Fe(CN)]. As the nails corroded they produc
Fe* ions at each end and at the bend? ks react with [Fe(CN)* ions
to form Fg[Fe(CN)],, an intensely blue-colored compound. The res
each nail is the cathode, at which water is reduced, tand OHions. The

h a
ed

t of

OH ions turn phenolphthalein pink.

Site of iron oxidation
Fe — Fe?* + 2e

Site of oxygen reduction
O, + 2 H,0 + 4e — 4 OH"

Fig. (22-2) : Corroding iron nails. Two nails were placed in an agar gel ,

which is also contained the indicator phenolphthalein and [Fe(ENJsie

nails began to corrode and produced’Fens at the tip and where the nail

Is bent. (These points of stress corrode more quickly). Thes&s@e th
anode, as indicated by the formation of the blue-colored compoured
Prussian blue, R=e(CN)),. The remainder of the nail is the cathode, s
oxygen is reduced in water to give OHhe presence of OHons cause
the phenolphthalein to turn pink.

(786)
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Electrochemistry (787)

J42& K &' 12& < )2& =' 4
"2'L. ?2)D" M= ' NO8 , (does not adhere)
NO ' &P Q& ! (it can easily fall away)

- 12", "' (expose more metal surface)
v?27/6(")> " 26 NO J42! 12'FIN#Q
TV%" 11)& & ' 27TU# *S 'R)<)S
JA2&NO ', 2& ='R)<)S'" W6 12 ?92<
T, '"NO8 , JX HY (adheres tightly))@
12' T&P Z<! [2(protective coating)? 7 ? OY!

«prevents further corrosion)

Fig. (22-3): Although aluminium has a negative standard g@kn
signifying that it can be oxidized by hydrogen iofgs in the
hydrochloric acid, left), nitric acid (right) stopgacting with it as
soon as an impenetrable layer of aluminium oxide foamed on its
surface. This resistance to further reaction is\éer passivation of the

metal.
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F2<' & 'Z X @?[N7?2& 42X : !'" & ' +
?208) "%!3 (2& (*' 8, 2"' : &K)' /6
<(destroyed by corrosion)12 '
C D) B6 (0 :8% prevent corrosion) AB 6
G 112A
H' 9SS T 302 &' + ?D' 0@
6 (oxygenfreewater) 8 H #3$& #1J1!12 F6
17; '~ "H/ ! <' #3$& (dryair) KL 41J
(4% ZX) /6 38 & "< 'NO8 /6 T @<! 3& 4'
M2F " ) ,N2ON( P46 @<2' ?@O< TI U
O+ M2 @,8H6 Fe 2! =
$% R26 QS- # N-(#1J 2! J T2 ©6
"<U& N-(#1J 8 H
6?2\) 7?6 'JO@ 'Z J6)2! 4 ?< '? #
?H#WA?% & OXNO8 & 'NO8 <\»> M
lan 4 ITNO ?% 2[ JU< D6/2' Y+
6?2 &' $2& b 2W &/0 ')O' < D
JU<ca”™ JU< /6 "< d4'JU< cJU<'Q

e#92 f 7 ' '3 ! 3 dD '
-(Surface islrregulan®2<  f NO ' (Inhomogeneous)
?& )0 " (impurities) 30) ' * )
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Electrochemistry (789)

(mechanical stress} # 'h)YV' (phase boundaries)

(influence the ease of oxidation)S' ?)D8 /6 G'!

-NO ' ?< JU< /6

H,0 layer 7 i
B FeZi- g ._._‘
Tron Anodic ‘
region 1
|
Fe — Fe?* + 2¢ 0, + 2H,0 +4¢” = 40H™
Oxidation Reduction

Overall process: 2Fe(s) + %Oz(aq} + cH,00€) —}Fﬁé{)s : XHQO(!'} N

Fig. (22-4) : The corrosion of iron. Pitting appears at the anodic

region, where iron metal is oxidized to“EeRust appears at the
cathodic region.

M

2& 4 ?2@0< )A K"#W&) 1 E &/

J)>R " %2' ' $2& &I7 P& )E
anode reaction M(SL® ™M +71

(cathodic areaYk& )G?k O D ?k@O< I<>)! 39& M =
kk kk (‘Pkk2"m' kk %! Wkk&#KR m' M D2kk ! Ikk 7

H ' 9 S (P2™
cathode reactions
O,(9) + 2H,0(L) + 4&%® 40H (gq
2H,0(L) + Ze%-® 20H (aq) + H (g

(789)
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"# $% &

j16?2& 4 "JU< ' Al &
(Cracks)) @ '
*n)O8/ & ="' (oxide coating) S'H Y'/6

(around impuritiesB0’) ' ()7

HY', Dd! & d?&)Gc'?0D ' JU<' <
jl6 S
(less reactive metallic impurity site3)U # XS'30") ' ZX')-
* NO ', (trapped)?@42 ' ': ()7
H(carbides)' (sulfides):' 2&

/0 D' +)2')> 12' E a”S' : 02'

)& | D' 4°' (electrical connection)

@@2& ?)D° 02 -D (4"/6b 2 m

/6 ?20'p :#)&S' +) ')>"%# 60 (easily fulfilled)
b 2 m T P (environment) ' ?)U
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T . ' &1L ? /64" %
(‘P2 *& D' %' W&AY»2 9SS H '
i/2" %2'TO 9 S
2 Fe(s)%® F& (aq)+2e (an@detion)
O,(g) + 2H,O(L) + 4e4® 40H (aq) (cathode tian)

2Fe(s) + Q (g) + 2H O(LY-® 2Fe(OH) (s)

iron (Il) hydroxide

H kkkkkkkkkkk ' 9kkkk ikttt Kk ks Kikk k k kkkkdkkkia Kbk kK|
nNk2% ')9'/6  (ample supply of oxygen and water)
(1) kkk& ' kkk> Wkkfl®dwing water)J6 kkk2 'H kkk
k& * )> <), & 2@ '? 'I6)2"
j (1) I1G;*!

4Fe(OH), (s) + Q (9)¥-® 2Fe O .H O(s) + 2H Q(L
red - brown

k & =k'q) $k ' k4 ')kFe,O,.H,Q/0 * S''=>
) H ') /2" ")> pK)%' ?&& 'R AS', r'!
3kk #(mountain stream$)kk 9'('kk9'Qkk /kk6 kk 7S’
k 4'?'L.?)D"' +«home water pipegL < 'r
1%' [/ # 'PD'?08) 'NO8
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kkkkk 12 ' s kkkkk ! KkkKKDkki&RDKKKkkkkk6 a Kkkkk"S' ")kkkk
R)& )kk4 " :"kk& ) kk* Kk 'n-$kaéten Corrosion)
Kk (spread)kk*< 'Nkk ' kk  kk 'HY)kkBR) Kk
kk ?kk ' O<@ kk kkD2%k@iH 2iddways) kkO '
., k%! (speeding up$ ! D#EW6 M= D ' 4 '[2@0<
- 12

k k&P& H/0O D' +)2' &P!'H '/6n;S' )A
-12'7 8

G O0:#%0 03/0 2X +B C. Y#,= "W
AD! 2" (FEHY () & ':#H&,' d $2& & ' 12&
> )2 (OH) H '"Z %217 D' r9l
6 A /6 $2! > /2' FelOH) /O<*' &
/> de0, xH0O )4 c Fe(OH) ,' 9 S
Rust) 4 , " ",'uV'/<')''p '
3&0( 1% 2 . ' ( )*& + -
BV66. 0 I\66. 4- 52 .

Fe'[62! D2/ T22!)ZJQ+" N-#IJ
Fe(s)¥%® Fé& (ag)+2eE =-0.44%0
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N WA $9%\R2 8\ H)ZAJQ;\ N-g I\ (
J# !

0,(g) + 4H (aq) + 464® 25 O(L) K, =1.28

jl2'")<", @'8)'/6(P2"m"' )& <
0,(g) + 2H,0(L) + 4e,® 4O0H (3q

IKkkk8 @ ' kkkkD9 ' kkkk KkkkRAXm))Kdidkk&OPKIkkkk@ @ ' kkki

Pkkkkkk ! KkkkkkD e Kk&kikk :B"Hdmd'ez Hd%l%k/)
k k TkV7 k8)' k& ?k@ @6'/ c([H'] =1 M)
A KkD':kk#)&S eOkk' kk4 ' 3Jdtightly acidic)
"6u="CO,) ' MHGZH" %! )>
k %! kd4# KDA WRB = 7) k< k2Tk#WB7 k k
k 3kA) ?k [' kDA /k<& =K0.81 V) )k & ('P2"m'
O0@! %ET7, w.l/6q
:? [' DA )&17

B _ B B
EceII - Ecathode_ Eanod

EC,=0.81-0.45

cell —

E,=0.36V

cell —

Pkkk! KkkD ' 2Kkk@O< /Kkk@ M QKRKKISL ("P ik’
/k6 ? )Dk8 k*S' k4 ' ?2@0< (72" J6 ! 208"
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KKOX /Kk6 : Kki)&S' Kk9> 20Md80) B Q' Rk - Kk S'
(migrate away)l k Fe€'L k& "“k#)& AD! <H
K6u="'9SZ (4", )I?2%4' @ <2'?2@0<
QK8 Kk S' kk T Kk&PVI HIKGBK * KkOX Kk / Ok * HPKK9 '

-M& & cFe*ions IG*' & '":#)& IO E &

4Fe” (aq) + Q (9) + 4H (agr®  4Fe (ag) +2H Q(L

3kkkkkkO'p Kkkkkk Y ' /O kitdididkdlc ' Kikidkkik® & /kkkkkkG;* ' kkkk

?2 '?V " '16 ,27 (insoluble hydrated oxide)
K 3k8 2& k& ' \Mké&k(moderately acidic solutions)
j +D #/2" 'I<')'"'p?6 ‘X >

2F€” (aq) + 4H O(LY»® Fg O .H O(s)+ 6H (pq

rust

| Cathode
Fe(s)— I"c2+{aq} +2e” i O5(g) +4H (aq) + 4¢~—= 2H,0(/)

Fig. (22-5) : The electrochemical process involvedist formation.
The H ions are supplied by 80;, which forms when C@dissolves
in water. Overall reaction is :

2Fe(S)+Q (9) +4H (agr® 2Fe (ag) + 2H Q(L

(794)



Electrochemistry (795)

Water droplet
/

2
\ S  Rust (Fe,0, + Hy0)
02/- Fe?*
- 0,
R
Anode region hed Cathode region |
Fe —> Fe?*+2¢ o« O, +4H* +4e —> 2H,0 |

Iron metal

Fig. (22-6) : An electrochemical mechanism for comsion of iron.
The metal and a surface water droplet constitditeyagalvanic cell in
which iron is oxidized to Fé&in a region of the surface (anode regjon)
remote from atmospheric,Oand Q is reduced near the edge of the
droplet at another region of the surface (cathamgon). Electrons
flow from anode to cathode through the metal, whdes flow
through the water droplet. Dissolvegd 6xidizes F&" further to F&"
before it is deposited as rust {Bg.H,0).

3\66. 4-5 .9 2, < Y& + , -

Fe(s)¥%® Fé (aq) +2e

0,(g) + 2H,O(L) + 4&%® 4OH (aq
Fe'" (ag) + 20H (ag¥s®  Fe(OH) (s)
Fe(OH), (s)¥s® Fe(OH) (s)

Kek+

(Jl.fl.l J,l’u) slad! o ijhi
-

-

whi i

<70B$0# O :#%$0' 03/0 2! # +B >> =
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Electrochemistry (796)

?27p A n! 12 ?@ '?0 D'? #
= J&O'N R[2& 7 7? & 8utomobiles rust)4'
H ':"OX/6(dissolved salts) 0'="n;S' .-F*' 9
(increasetheb 2y /0 D' +)2'? ?  &P!
-12'? 8 9! M= conductivity of the electrolyte)
A & "HW6 ?8 @' ('P2"m' DA (9 ? 4S8
Z9 T&@IZIM) %! 4# )6 Z@&DO,/H,0) %!
(9. )+ 2)° 2 8H)ZlJa P '
< 6:4P 9#Q (# OB
/8 X (P2 DA " R)<)S' W6 (*' 8,
$2& M= (AI*YA)  %2' 4< (E° = - 1.66 V)
D< Z<4& /2':892" 1! W6 "N < -& ' D8
(aircraft) . ' * (aluminium products) R < ) S’
=6)<' U. (automobile parts) ? 2 ' HPAS
3 (cooking utensilsg O "' (window frames)
] - 7?7 )8 (soda cans) ')4'
JOI'R)< ) S’ 3 ? r=>b (fortunately)
(impenetrable) '2%y X f d?@ X ZA&X T 6
'NO J42& =' (Al,LO; R)<)S ¢ <)S
R) <y ' * anS' ' 46\. R)9> " &
D1 < ! (Mg, Cr, Ti,zZn) + [' R)#22' R '
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Electrochemistry (797)

e%-< (protective oxide coatingsy 7 ?& ?{ f
W6 & '? 7/6R)<)S" 11?2 7/6E!/2'?2@& 0"
B9 &c /@& (too porous)TA / "#$ P 2& 4'

S' (underlying metal)/ % ' (to shield)
26\m'

>?! "@
(alloys)MO ' '5g 3 ?0UTKY) 12' &

& '* 12' D&2& @<' 08 /6 ? 482 [2 '
- <'| <'"R)<) S
GELbRf O $+#6 2 +2F)*+# L 4
-1 '"3>="D> *'? f #/> 5#u'9"
dé 7*27P &X )+ S-./0 LcJ MD:. #
GO /e
j D< *u8 M=
- ' @#R d-
) '3 2'/6 A c
NO ', ? OPA $!? ET7&E
HEWA &N &), 1?@ 'u 8S
) ) YB2)+ S-./0 $%&6 H YB# O
< 1!12ag¥Y#6 #
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TAT+) 2&=' 'NO8 :#2mJ6!3 g
NO8, *2'H ' '""6)A)'H "' & -D
56 0 '(2', & :#&S (@2#,'

- %2 28
$9 ° 9%6G 3+ ( hD# 'W
0 ' #H&S @2<! | % ") d

j & "1t )2
Fe(s) %.& Fé& (ag)+®@

.6 1J 0 I '$%E&F; g ‘W
$*+#7 BOQI|X

D2H 112 ) 2 $%&F )ZIW! ;. 13 i
8j6 L6

2H" +2e%® H (g d
0,(9) + 4AH + 448 2H O(p du
8)'/6 A D':#H)& (P2YE 7)> V% ' 0
aD ') '16,27 IV
$%R27P 4 8 H)ZION 6 $*+ . 136
0,(g) + 2H, O + 464® OH
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Electrochemistry

(799)

00 B # 2N )+ E h. 2 'W
G+ k 6
2 ' # 2''pW6 (P2"m' )DA 3!! ?@& 1 & '=3¢}
T &X ' W6 S' (P2"m' )DA5@ ?0
Q A& 12" a ? 2& D#
'NO8, T#7 S ?2@U )A 3 : H<*28
"OD* "9
"6+2'?20 D'? '/6(P2"m' )DA3! 'p.
? 'r=>/6 ' W6 )D9'5X &P5G XS')D

- " 12'a ?

?2X T&X

D 1

0
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Electrochemistry (800)

Prevention of Corrosion $#

Corrosion Protection A 0(

G#)+#C8 Y# 2A'W
DA & /2' (general approachesy ' O

j 12'Z<
(Corrosion Inhibitors) CD* B
? ' d)& 2.c:< 'J6! 21'Y) /> -9
NO ', (adsorptionL'PZ2m'(;® )& D 12
- 12"
E& 2
(Anodic Inhibitors) .
?2& 4" ? ' *lc S @! /2" />
H#H) ' 1 %8)% ' ' ) D2*  -chnodic process
& ' A 2<', ?2&%)2 '?2&)V ': 'Q
(cathodic inhibitors) F

? ' *lc D' < ?2G ' ('P2"m':;; %! 2! />
-ccathodic proces® O D '

(800)



Electrochemistry (801)

H:l J KE

-b& 4 ' ?20D¢T 2 ' *
="' (anodic inhibition) 4 ' *2'/>? 0 '?@&0"
%! 4# (prevent)Z<& w (limit) d & @&

- g
C D * M (By Painting The Metal Surface) K*L" b
2 &

D2D )!?8< 'HU 12' ?2& ' U
_ I’IHI 9SI()+Z<

OP 2QRM K* S N
(Coating it with Grease or Qil)

U2 A 1%? 3 W (film) Q1V &4 Nallowing) ,0U 3
Xmetal oxide)

(anodic protection) O( F

28 kkkkkkkkkkkkkk KRk Rékdtak KRkdkdkikdkidkdkididikikikiRkk RKi€k &k kkkkkkkkkk
k %2 nk d8eveloped methods of anodic protection)
Ok  (surface is treatedNOk 'F k& k< E !/2' [ 2'

Hsodium chromate N&rO,;) R)& )4 "

2Fe(s) + 2Na CrQ (aq) + 2H O(B)&  Ee O (s) +,Lr O (s) + 4Naax

(801)



Electrochemistry (802)

:k "Nk (surface iron is oxidizedk & k& 'NOG6
r=k>Cr,O; (I R k ' k FeOs;(l) & * /O

(Okkk+ kkKimpervious)?kkk < )kkk!?kkk OY! kkk! kkk8 S'
?kkkk&)9 ' Kkkk S' kkkk kKikk&dkk2 Kkl kkkk ' 9kkkk S'

(further atmospheric oxidation is inhibited)

Cathodic Protection O( 3B

N kk4  Kkk (by forcing) kk A20kk8") ?kk O D ' ?kk& ' 52kk!
'=kk> Klichieved)kk+)2& kk kk4 "kk#) kk TK kk TkkO D
k S'/k6?)D8 * N+ ?208') (thisgoal)gD'
(metal being protected& 7 '

(minimized) @& XS', /< & & & ' 1! .
?@ U(moisture) ?)U ' 9 S ' NO8 39
bX)' Q ) ? 6 )! & ' NO8 , HO'

HO',[& 7 4' 2& 8 (for a while)
* b H(scratched or chippedd &c ZO@&
?<2 ? 08?7 0Y! K&gn) M#P ' (Sn) & 4@ '(Cr)R
%9 "' & '(* V6 -& (durable surface coating)
-+ [" ?2@ X ?@ O ,0Y& @alvanized iron — iron)
('Pkk2"m' kkBDAR Kkk8 kk* kk+ [ /KK&I®&2"m' kkDA
-k S'/k6?)Dk8 * +['WEM=& & /8 @'

(802)



Electrochemistry (803)

kk+ [" ?kk@ kk& ' kk X kk $2& kk+ ['WHkGIM =kk
«(sacrificial anodep kkV' kk4 ' kk(&inc coating)
H;kU Wk6/ k2 k& 'k sk& k1P  5f
k k& ' k& k ? k (Pk8 dk& ', ¢ + [°
kKkkk+ [' kkkk  kkkk 2& kkkk+ [' kkkk 12&# Kkkk< "kkk
k (insoluble film) =k k X kfHkf)k&Zn(OH)c
- (Ko (2n(OH),) =4.520") NO

(automobiles):’ ' Z<+ /6 R[2 ' (steel)34' .
b4 +~R7 /6 "Y ,0Y& (*' 8,
H(galvanizing) ?<% A , ! ? /6 (molten zinc)
j& ' * ?2)D $2& + [' W6 )D9'N\)!

Fe* (aq) + Z&4®  Fe(s) ®E =-0M5
Zn* (aq) + Ze%®  Zn(s) 5E 9.763V
& ' K  $2& +['W6 ' $2& <" H<
e 19)8 & <"@®>m'I>> M /6
L (FEYL & ")& (P2M'< & +[' 3 w
6 &' +['R {Fe) TO D? 2" & "' p
), 27 S & ', & +['" W6 DV Z (47"
-+ ['?@ U bw”
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Electrochemistry (804)

Fig. (22-8) : Cathodic protection of an iron-contaming object. The
iron is coated with a film of zinc, a metal moresigaoxidized than
iron. The zinc acts as the anode and forces irotbetacome the
cathode, thereby preventing the corrosion of tbe.ir

|>4

Fig. (22-9): A layer of zinc protects iron from oxidation, everhen
the zinc layer becomes scratched. The zinc (anade),(cathode),
and water droplet (electrolyte) constitute a tivgnic cell. Oxygen
is reduced at the cathode, and zinc is oxidizethatanode, thus
protecting the iron from oxidation.

(804)



Electrochemistry (805)

Fig. (22-10) :
a) Cathodic protection of buried iron pipe. A magnesium or zin
bar is oxidized instead of the iron. The "sacrdicanode eventual
must be replaced.

b) Cathodic protection of a ship's hull. The mall yellow horizontal
strips are blocks of titanium (coated with platinutimat are attached

to the ship's hull. The hull is steel (mostly irorfhVhen the ship is
salt water, the titanium blocks become the anodd, the hull the

cathode. in a voltaic cell. Because oxidation akvagcurs at the
anode, the ship's hull (the cathode) is protectexn f oxidation

(corrosion).
c) Galvanizing is another method of corrosion protetion. Even if
the zinc coating is broken, it is still oxidized pneference to the le

Cc
y

n

SS

reactive iron as long as the two metals remairomtaxct.
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Electrochemistry (806)

YZ [ \ *&M (cathodic protection) 0(
/6?2)D8 * AN "+ ?208") 12° ?2& 7?<@!
e «(cathodic protectionyOD '?& ', ! S

(entire surfacej 'NO '/OY& V'
) )> @63 02& -& ' ?<%A /6 N
(*' 8, -A (electrical contact)0 D
(underground steel pipeline)S' %8 & ' W6
(insulated wire)(L (A " H2 & &
2\ 4 & =' R)<Y' 3V@

312'"'=> -& ' TK 12&(sacrificial anode)
$2 'R) <Y ' D6 /2(galvanic cell) 2#% A ?
?2U"' ?22' D q42& u#sS' N 4 &

) %2 q4# H 2m (moist soil)
jl 2
Anode: Mg(s)¥%® Mg (aq)+2e E° =23V

Cathode: ©Q (g) +4H (aq) ¥46® 2H O(L) ° E =32

? kKk\ S' 3kk H#YKKOKK* Kk& ' Kk ?kkX; "3kk '2 ?kk<
%kkk (bridges))kkk 9 '(storage tanksgPkkk[2 ' : kkk#'P"
-4'\?& 7 V6 ?&)G '?& ' W#&hips)
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Electrochemistry (807)

QAP 9% G - 2! C A'W
( @&1 12' '"DA Y!, 20D '?& !
TU # * N 12 +)! J& U 52! " 1l
MK 12& 17 7?0 D'? '/l6 "<, C
<'@> =6 @@> = d2& 7'’

]
(Mg)R) <Y ' 3V@ "+)2 & ' u)# ?2&7 &

? V'
&I

4
& "#W6 12& <
& ', >& 2P2[ & '1#& Z
IAN 2 4 & ' 42 20D '?&

_42'? R)@

<> R)<Y', & dZn) +['
"#S (Shgrificial anode

C

A —

%21 /2 2 m
&
A 30X R' [2f

J
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Electrochemistry (808)

Fig. (22-11) :Cathodic protection of an iron storage tank (cd#&)dy

magnesium, a more electropositive metal (anodegais only thé

magnesium is depleted in the electrochemical psydes sometime
called the sacrificial anode.

Fig. (22-12) :Cathodic protection of buried iron pipe. A magnes
or zinc bar is oxidized instead of the iron.

U)W

(808)
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"< A

q;KY ': k#) Zk kD %!?k92# IP' >'5¢g
k ) * HG H'[ 9SS * )
Tok+T#k k ')k&k6 k>r= &)1,

2!
9|
. &

Sg'r=> | at T+ & )N T * r @%&
- Kkk2'7kkg>  ?kk< Kk fKKIK)HGE 3kk O2! /kk2

K: 'r=> %! & ? 2'?*S'Q (»

a<8

20 D'? '(

“ab

3

i?8 @' (P2°K' )DA

AU’ +3e ¥%& Au E=1¥%
Pt + 2e%® Pt E =12
-DI' 34l # ;" 3>=" [<&'=>
] W6?2V% ? <
Ag" +e & Ag E=08%
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