Corrosion for Engineers Chapter 12: Aqueous Corrosion Thermodynamics
Dr. Derek H. Lister page 12-1

AQUEOUS CORROSION THERMODYNAMICS

The corrosion of metals in contact with aqueous solutions involves electronic
and ionic processes at surfaces ... i.e, itinvolves. ..

Electrode Processes

Electronation. ..

M(ag)®* + 2e — M(s)
(Cathodic)
De-electronation . . .

M(s) - M(aq)*" + 2e
(anodic)
These are coupled processes . . . the oxidized species provide the
electrons for the reduced species.

The reactions occur at the metal-solution interface.

Thus . .. an electronation reaction (say, discharge of metal) involves:
diffusion of hydrated cation to electrode;

dehydration of cation;

adsorption of cation onto electrode surface;

transfer of electron from electrode to cation;

incorporation of resulting atom in solid matrix.
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Note - solvation “shells” of a cation . ..

i, / ° —
/ ?\ Ae/ region

Schematic of the primary and secondary
o solvent molecules for a cation in water.
°e

/
7 Bulk region

@ |s represented by @

Primary shell moves with cation through solution . . . secondary shell is a
region of “disturbance”.

Large anions have few, if any primary water molecules.
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The electrode - solution interface is also hydrated because of the charge .
effects. ( N.B. the potential difference between metal and solution is of the
order of ~ 1V, - remember, cannot be measured - but over a molecular
distance amounts to an electric field of ~10° Vicm).

Solvated ions

- Schematic of a charged interface and
the locations of cations at the electrode
surface.

First row water
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Because of adsorbed H,0 on surface and primary hydration shell, ions can only
approach to within a fixed distance from the electrode:

e the OUTER HELMHOLTZ PLANE. The resuiting double layer of charge is
often treated theoretically as a capacitor. ...

i
+ +|+ +

- +

Capacitor

Electrified _interface consists of
two layers of charge —double layer

Simplified double layer at a metal aqueous interface.
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The electric “double layer” at the surface acts as a barrier to electron transfer,
this causes the surface to “Polarize” . . . the potential has to change in order
for the electrons to overcome the barrier.

This is called “activation polarization” . ..

(remember, the “standard EMFs” of metals in equilibrium with solutions of unit
activity of their own ions change if current is drown from the electrode systems
. . . i.e., “activation polarization”). 2

For the general chemical reaction. ..
viA + vgB +...= viL + vyM +. ..
the free energy change, AF, is:
AF = AF° + RT lr (a.)™ (an)™
' (aA)VA (aB)VB

where: |
AF° ="“standard” free energy change

= -RT e K, where K is the equilibrium constant);
a = activity of component;
v = no. mols. of reactant or product.
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If the reaction is electrochemical, and takes place in a REVERSIBLE cell of
EMF =E

AF = -nFE

where: n = no. faradays passed
(= no. chemical equivalents);
F = faradays (electrochemical conversion factor

= 96,500 coulomb/g. equivalent).
Therefore:

AF° = - nFE®°
where E° = standard EMF for cell.

This lead to general expression for EMF of any reversible cell...
E = E°-RT % (a)" (aw)™
nF (a.)"™(ag)™
Note: E° is constant for a given cell at a given temperature . ..
E°= RT K
nF
i.e., standard EMF is related to equilibrium constant, K, for cell reaction (from

above equation, standard EMF is the cell EMF when all components are at
unit activity).
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EXAMPLE
Consider cell . ..
H.(g)/HCl(solution) AgCl(s)/Ag(s)
(a hydrogen electrode and a silver electrode [ in contact with solid AgClI] in

HCI solution)

Electrode reactions . ..

mlinvolimeter ;
: ! EHz(g) = H+ +e
B~ Ay e+ AgCI(s) = Ag(s)+ClI
- Overall..

%Hz(g) +AgCl(s) = HCI+ Ag(s)

L Cell EMF given by . ..
T RT, (an )aci- Napg)

| 496( . p E= E°- n i
W/’(%\W)\\\\V//)\\\\V///F; o7/ ;/1:\: 7 F (ay)(aagai)

If H; is at 1 atm (conventional standard state), and since Ag and AgCl are
solids, . . .* and a,.;, a,, and a,,; are unity, so

RT
E = E'-—In(ay)ac)

| 2RT
E = Eo — Tln(aHCI).

15/

B e T
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The cell can be considered as two “half-cells” . . . each with an electrode ..
‘1H2 = H+ +e
2
AgCl+e = Ag+Cl
The total cell potential . . .
E = (EO _ RTIn (aH") RT (aAgCI)

) - (EQqct — —I
F (aHz)i) (Eagei —¢ "(aAg)(acr)

N\

“single-electrode” potentials...
RT

)

Ew = EJ —-'—:——In(aH+) | ... for H; at 1 atm
Eagei = Eagei— R—FTln(ac,-) .. . for solid Ag & AgCi
N.B. E{ and E°Agc, are “STANDARD ELECTRODE POTENTIALS”.
We can now relate the potential of a system to the standard potential ... i.e., to
the potential with unit activity of the reactants and products.
The NERNST EQUATION ...  E = Ey+ jn{Zoxide)

| nF  (areqd)
aoxig = activity (=conc™) of oxidized species;
areq = activity (=conc™) of reduced species.
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Potential-pH Diagrams (“Pourbaix Diagrams”)
Graphical representations of the domains of stability of metal ions, omdes
hydroxides, etc. in aqueous solution.

potential $

(E)

\'/
ormV
(Vs SHE)

»
»

pH
The Nernst Equation allows us to compute lines on the diagram for equilibrium
reactions of interest . ..

e electrochemical reactions of pure charge transfer (horizontal lines - since no

H* or OH dependence - corresponding to potentials of equilibria at given
concentrations);

e pure acid-base reactions (vertical lines - since no electron transfer and no
dependence on potential - corresponding to equilibrium concentrations of H"
(OH") for given concentrations of species);

e electrochemical reactions involving charge transfer and H*(OH") (sloping lines).
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Pure Charge Transfer Reactions
Consider ...

Ni?* +2e > Ni
so the Nernst Equation becomes:

E = E°+ Rl in(Ni2¥)
2F
since, by definition, activity solid Ni = 1.0
E° = -0.25V

SO...

E° = -0.25 + 0.03 log(Ni**)
We usually compute for 4 conc™. . . 10° (i.e., 1.0), 107%, 10, 10 g-ion/L.

I\ exponent
| in [Ni*]: The region above a particular line is the
- 10° region of stability for Ni. . . so, if we are

S o - 0 - 10* on the equilibrium line at -0.43 V for a
5 -0 — - 10" Ni* concentration of 10° mol. and we
§ o -6 -10° raise the potential to -0.31 V (say), the Ni
= g ion/L metal in contact with the solution will
' dissoive to try and make the
o g concentration 10% mol.

Partial E-pH diagram for the
Ni?* + 2e- — Ni reaction.
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Pure Acid-Base Reaction

Consider...

Ni?* + 2H,0 €= Ni(OH), + 2H"
There is no charge transfer, so the E-pH diagram is a vertical line for a given Ni*
concentration.
We evaluate the equilibrium constant, K, from the standard free energy change for the
reaction . . . AG? = —RTInK

YN
or logK = ———
2.303RT
AGY is calculated from the standard chemical potentials (.?) of the reactants and
products....
AG® = Tvpup - T vruR
SO
0 0 0 0
Byt 2Ry 0~ Byjow), ~ 21y
logK =
2.303RT
n? values are tabulated . . . upe = 11,100  cal/mol
| uRo = -56,690 calimol
MNiow), = -108,300 cal/mol
and pd = 0 (convention), so,at25°C logk = 2.
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Remember. .. reaction. ..

Ni* +2H,0 == Ni(OH), + 2H"
= INOH)][H'P

[Ni**J[H,0]°
Since the continuous phases H,0 and (solid) Ni(OH), have activities of 1. . ..
[H')?
lo = 12
g[Ni2+]
log[H']? = -12 + log[Ni?*]
or pH = 6-0.5log[Ni%']
Again, we compute for [Ni**] =10 102, 10 and 10 mol.

Poten A : 2 4 - The region to the left of a particular line
oten el (i.e., more acid) is the region of stability
(E) L' : 12+ "

exponen for Ni“" ... so, if we are on the
m [¥>] equilibrium line at pH 9 for a Ni**

concentration of 10° mol., and we drop
the pH to 7 (say), the Ni(OH). solid in
contact with the solution will dissolvg to
: N ¢ e 09 PH ’:Tr‘{)?nd make the concentration to 10
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Reactions Involving Electrons and H*

Consider. ..

Ni + H O <= NiO +2H" + 2¢°

so the Nernst Equationis ...
. +.2
o, RT [NiOJH']
2F  [Ni][H,0]}

E =E

= E° + 0.03 log [H']?

0.11

Potential (€}, V

|

|

|

I

|

|

|
0.05 4’-
1
D .
pH

Partial E-pH diagram for the

since, by definition, [NiO] = [Ni] = [H,0] =1
- 0 0 0
_ AGD ~ HNiO 7 BNi _“HZO

EO
nF 2F
_ —-51,610-0+56,690
) 2F
(since, by definition, u° element = 0),
E° =011V

E = 0.11-0.06 pH..

Above the line, solid NiO is stable.
Below the line, Ni metal is stable.

Ni + H,0 - NiO + 2H' + 2e reaction.
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NOTE : We can also depict the Ni - H,0 reaction as . . .
Ni + 2H,O0 <= Ni(OH); + 2H" + 2¢°

- RT, [Ni(OH),][H*]*
so that E = B I NTR.OF
= E° + 0.03log[H']? ...  (as for NiO).
o _ o _ AG° _ ﬂl':lji(OH)z - My "2/-‘:20
= = FChE 2F
=011V

E =0.11-0.06 pH

This is identical with the line for the Ni — NiO equilibrium . . . i.e., Ni(OH), is as
likely (thermodynamically) as NiO. Alternatively...
NiO + H,0 = Ni(OH),
: | _ INi(OH), ]
for which K = INTOTH.O]

AG° = -RT In K
or logK = ZvRug - Evpp.g
“glzo + Mo ~ ”g:i(o:-n,

2.303RT
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now, pﬂzo =  -59,690 cal/mol

1RO = 51,610 calimol

“E‘KOH)z = -108,300 cal/mol

sothat AG° = 0
and logK= 0

soK= 1
Since K = w
[NiO][H,0]

and [H20] = 1

[Ni(OH);] = [NiO]
Note the stability lines for H,0
(@) 2H" + 2 = H;

(b)  H,0 €= JOz2H"+2e
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Potential {E), V
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E-pH diagram for nickel.

Note the stability lines for H;O

(@) 2H" + 2 <—= H,

(b) H:O=—> 0.50, +2H" + 2¢’
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The Nernst Equation gives . ..

0.059, [H']?
(a) E = E° + log
H™H, H'MH, 2 PH2
By definition...
0
Elt =0
H /H2
_ 0.059
EH+IH2 = —0.059pH - IogPH2
We usually consider case when PH2 =1 atm
line (a) on Pourbaix diagram . . . E.., =-0.059pH
| 2
(b) Similarly...
1
(Po,_ )2[H'T"
Eo. = E% + 0.059 log—2
2 2 2 [H20]
5%2 =1.23V
[H:0] =1
and P02_ =1 atm (for diagram)
line(b)is... E02= 1.23 - 0.059 pH
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16 — —
12 %--.. -0, - :
| ST If we have an electrode (say Pt) in
038 —— = - water at pH 7 equilibrated with H,
> . 3 I ) - ~at 1 atm,, the potential of the Pt
= ] — | Domain of - h will be ~ -400 mV. If we then
2 of a}\h_‘ — T water stability - LOWER the potential (to -600 mV,
$ o4 “‘-««}_‘_{, 5 . say) water will decompose and
a - | ‘N[™+~1 | | liberate H;to try and achieve a
-038 H, = T new equilibrium at a higher pH:
-12 | and/or... higher pH.
~18 B -

-2 0 2 4 6 8 10 12 14 16
A oH

The wéter Epr diagram at 1 atm.
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Similarly . . . on H;O stability line at pH 7 and ~ +800 mV (in equilibrium with
1 atm. O;) and we RAISE the potential, water will decompose and liberate O, to
try and achieve new equilibrium at a higher pO; and/or lower pH.

1.6
12 —‘G!}-‘._H_ 0,
08 s N
' 74 '\\ -
> ‘._-."“'-. -
-{E 04 — Ay
= N Domain of
= 0 #aﬁ-..__q__\ water stability
2 T~
5 -o04 ~]
]
-08 Hz -.‘-‘h S,
-12
~16

-2 0 2 4 & 8 W 12 W 1§
pH

The water E-pH diagram at 1 atm.
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Use of Pourbéix Diagrams

Consider Ni metal corroding in an acid solution (pH 0) containing 10* M
(strictly... g.ion/L) Ni** in equilibrium with 1 atm. H, gas.

20

i

1.2 ' _ - NiQg ——

-~
--.._"‘..

0.4

Potential {F}, V
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. %7 o
e
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e
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N

yﬁy . 7
=

77
-

HNiIO3
4///'/}/ -
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-.,_._-‘-
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—
e

-.___‘.‘-
o

—

- —— .'_'n‘rnunily Ny —— ['NE*J = Ié QM

-1.2 .

b
"'-..‘_‘-
—

Py .

-
>

-1 0 2] 4
. pH

E-pH diagram for nickel.

Potential of the anodic “regions”
= -0.37 V.

Potential of the cathodic “regions “
= 0V

Since the Ni — Ni?* reaction is
more active than the H' —» %Hz

reaction, the former can “drive” the
latter . . . i.e., Ni will displace H;
from solution. The surface will
attain a “mixed” potential En
between the two equilibrium
potentials, and corrosion will
proceed.

If, now, pH raised to ~ 6-8 (say pH7)
then Ni — Ni*" is more noble than
H? evolution reaction, will not
corrode via H' reduction.
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NOTE: If solution also contains dissolved O, at 1 atm., then an additional .
cathodic reaction is:

%02 +2H" + 2¢ = H.O

along line (b): this is also possible at pH 6-8, but will become slower at higher
pH, since not much H" is available. A mixed potential will be established.

At pH 8-14, stable species are solid Ni(OH);, Ni;O, . . . corrosion will tend to
produce protective layers. . . metal passivates.

At pH > 14, corrosion (stable species IONIC HNiO; at quite low potentials).

What happens if we put Ni metal into acid solution (say pH 0 in equilibrium with
1 atm H,) containing ZERO concentration Ni**?

DISCUSS

Remembering Nernst Equation... E =E0+% In (Ni2+)

Although potential very low initially (E — - «), some Ni** generated in liquid
film next to metal . . . potential rises as [Ni** ] increases.
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NOTE: For corrosion considerations, a metal ion concentration of 10° M

(10° g-ion/L) is considered as indicative of conditions that apply in the liquid
film next to the metal surface with no extraneous source of those ions . . . most
Pourbaix diagrams consider this concentration for corrosion.

Pourbaix diagrams can be complex. ..

2.8 TTilels 7. 1 T T e & Ha {le
Eens(¥) I o ® %) i

20 [N . because there are many reactions that can

20k © - be considered (not all of them occurring)...
*, Cu,Oshydr. i

16 - \\\ Cuﬂi

1.2 O - 7 ~ G , '

o8}l = 9%-2

04 gy s L > U0 g 4.
i N t e
@.a": -® - ] weo; | {ew; :

- 1
ol "-.‘_‘_-C‘U Cu \‘ (=) ! -
-._‘-‘-‘ \ & Ng .
-0.4 Te.l @6 3
- , | . 09Ty
. - "\ —a"H
08} " Cu Te N
R0}
. \\ z
2l 11
-6 -~

{ 1 i Il ] L 1 1
-2 o .2 4 5 g 10 12 14,18
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But, for indicating corrosion trends, we can use simplified versions . . .

28
Eens(v)

26

20
16

1,2

08

M N " " P " | T ST " . P 1 |
- 04 0 7 14
-08 - pH
Immunitd ~ . . .
A simplified form of the Pourbaix
-1.2} - . .
T Diagram for iron.
2 0 2 4 6 B 10 R 14,16
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And for a reactive - but usually passivated metal such as Al . ..
Eens(WE@-L_ | T T R Eens(VE®- l,\l B I_ b
()JB »y . ‘ “‘h“ o ] ()rEB—— . - B -
Corrosion ~—— Corrosion T~
O h©‘-.. Passivation : 0 *:@___ Passivation ;
'0,8 ~=  ""0_,8 l Ity
-1,6 — -1.6 —
"~ immunite - Immunité ]
241 1 1y 24 111 | -

O 4 8

(a) Passivation par un film d'hydrar-

gillite Al,03.3H20

O 4 8

" (b) Passivation par un film de

bohmite Al;03.H,0
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Chemical Reactions

Z= +2

Cu™ + 2H,0 = HCuO; + 3H" log [HCu+Og‘] =.26.72 + 3 pH (1)
Cu** + 2H,0 = CuO, + 4H' log fcigz;]_l = .39.88 + 4pH (2)

HCuO, = CuQ, "+ H*
Z=+3

Cu™ + 2H,0 = CuO, + 4H"

[Cu™}

log [CuO,;"] =-13.15+pH

[HCUOz-]

log [CuO;] =-10.28 + 4pH
[Cu™] '

(3)

(4)

University of New Brunswick, Canada
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Electrochemical Reactions
Z=+1 > +2
Cu’ = Cu™ +e Eo = +0.153 + 0.0591 log[Cu']  (5)
[Cu]
Cu® + 2H,0 = HCuO, + 3H" + ¢ Eo, = +1.733 - 0.1773 pH + 0.0591 log [HCuO,'] (6)
[Cu']
Cu’ + 2H,0 =CuO;” +4H" +¢° E, = +2.510 - 0.2364 pH + 0.0591 log [Cu0,"] (7)
[Cu']
Z= 42— +3
Cu** =cu* +e Eo = +2.475 + 0.0591 log [Cu™™] (8)
| [Cu™]
Cu™ + 2H,0 =CuO; +4H" +e¢° E, = +3.078 - 0.2364 pH + 0.0591 log [CuO,'] (9)
| [Cu™]
HCuO; = CuO2 + H +e’ Eo = +1.498 - 0.0591 pH + 0.0591 log [CuO,"] (10)
[HCuO;]
CuO;~ =CuO; + e- E, = +0.721 + 0.0591 log [CuO,] (11)
[CuO;7]

University of New Brunswick, Canada
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Activities egales de deux formes dissoutes

Cu™ - HCuO;
HCUOz- - CUOzh
Cu“* - CUOz-

Cu*-Cu™

Cu*- HCuO,

Cu’ - CuO;~
cu* - cu™
Cu* - Cu0,

HCUOz' - CI.IOz-
CuO;" - CuO,

pH =
pPH =
pH =

Eo
Eo

8.91
13.16

2.57
+0.153
+1.733 - 0.1773pH
+2.510 - 0.2364pH
+2.475
+3.078 - 0.2364pH

+1.4998 - 0.0591pH

+0.721

(1
(3
(4')
(5')
(6)
(7)
(8)
(9
(10°)
(11')
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Séparation des domaines de stabilité de corps condensés

2Cu + H0 = Cu,0 +2H' +2¢°  E,=+0.471 - 0.0591pH (12)

Cu + H0 = CuO + 2H" + 2¢’ E, = +0.570 - 0.0591pH (13a)
Cu + 2H,0 =Cu(OH), +2H'+2 E,=+0.609 -0.0591pH (13b)
Cu,0 + H0 = 2Cu0 +2H*+2¢°  E, = +0.669 - 0.0591pH (14a)
Cu,0 + 3H,0 =2Cu(OH), +2H'+2¢  E,=+0.747 - 0.0591pH (14b)
2Cu0 + H0 = CU,0; + 2H" + 2¢ E, = +1.648 - 0.0591pH (15a)
2Cu(OH). = CuzO3+ H,0 +2H* +2e-  E, = +1.578 - 0.0591pH (15b)

University of New Brunswick, Canada Chulalongkorn University, Thailand



Corrosion for Engineers Chapter 12: Aqueous Corrosion Thermodynamics
Dr. Derek H. Lister page 12 - 29
Solubilites . . .

Chemical Reactions

2CU* + H,0 = Cu0 + 2H" log [Cu™] =-1.68 -pH (16a)

Cu’ +H,0 =CU(OH) + H* log [Cu’] =.0.84 -pH (16b)
Cu™ +H,0 =CuO + 2H" log [Cu™] =+7.89 -2pH (17a)
Cu** + 2H,0 = Cu(OH); + 2H* log [Cu™'] =+9.27 -2pH (17b)
CuO +H,0 =HCuO; + H' log[HCuO;'] =-18.83 + pH (18a)
Cu(OH) . = HCuO; + H log[HCuO,;'] =-17.52 +pH (18b)
CuO + H,0 = Cu0Oz” + 2H* log[CuO,”"] =-31.98 + 2pH (19a)
Cu(OH) = Cu0;~ + 2H* log[CuO,"] =-30.67 +2pH  (19b)
2Cu*** + 3H.0 =Cu0; + 6H* log[Cu™™"] =-6.09 -3pH (20)
Cu,0; +H,0 =2Cu0,- + 2H* log[HCuO;] =-16.31 + pH  (21)

University of New Brunswick, Canada
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Electrochemical Reactions

Cu = Cu’ + e
Cu = Cu™* + 2¢
Cu + 2H,0= HCuO; + 3H" + 2¢
Cu + 2H,0= CuO;~ +4H" + 2¢
Cu,0 + 2H' =2Cu™ + H20 + 2¢°
Cu(OH)+H' =Cu”™ +H,O+e
Cu,0 + 3H,0 = 2HCuO; + 4H" + 2¢
Cu(OH) + H,O0 = HCuO, + H* +¢
Cu,0 + 3H,0=2Cu0,” +6H" +2¢
Cu(OH) + H0 =Cu0O;" + 3H ' + e
Cut +H,O0 =Cu0  +2H"+2e
Cu*  +2H;0=Cu(OH), +2H" + ¢’
2Cu*t + 3H,0=Cu,0; + 6H" + 2¢”
2Cu0;” + 2H* =Cu,0; + H,0+ 2¢”
Cu0 +H,0 =CuO, +2H'+e¢
Cu(OH). =Cu0,; +2H'+e¢

Eo = + 0.520

Eo =+ 0.337

Eo =+ 1.127 - 0.0886pH
Eo=+1.515-0.1182pH
Eo =+ 0.203 +0.0591pH
Eo =+ 0.105 +0.0591pH
Eo=+1.783 - 0.1182pH
Eo =+ 1.673 - 0.1182pH
Eo =+ 2.560 - 0.1773pH
Eo =+ 2.459 - 0.1773pH
Eo =+ 0.620 - 0.1182pH
Eo =+ 0.697 - 0.1182pH
Eo=+2.114 - 0.1773pH
Eo=-0.243 + 0.0591pH
Eo =+ 2.609 - 0.1182pH
Eo =+ 2.534 - 0.1182pH

+ 0.0591 log[Cu"]

+ 0.0295 log[Cu*']

+ 0.0295 log[HCuO;']
- 0.0295 log [CuO;7]
+ 0.0591 log [Cu™]

+ 0.0591 log [Cu™]

+ 0.0591 log[HCuO;']
+ 0.0591 log[HCuO;]
+ 0.0591 log[CuO,"]
+ 0.0591 log[CuO,7]
- 0.0591 log[Cu"]

- 0.0591 log[Cu‘]

- 0.0591 log[Cu*"]

- 0.0591 log[CuO,7]
+ 0.0591 log[CuO:]
+0.0591 log [CuO;]

(22)

(23)

(24)

(25)

(26a)
(26b)
(27a)
(27b)
(28a)
(28b)
(29a)
(29b)
(30a)
(30b)
(31a)
(31b)
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