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QUESTION 1 [25]

a)

In Polarography, what is meant by:

i) The over potential
[2]
ity The charging current (use a diagram to iHustrate) [3]

Describe migration as one of the main mass transfer processes in polarography, state whether the process
is desired, and what means are put in place to eliminate it if undesired. (3]

Use Fick’s Law and the Cottrell equation to derive the Ilkovic equation for quantitative polarography. [3]
With the aid of a large, labeled diagram, explain how the dropping mercury electrode (DME) works. [4]
Discuss three (3) properties of mercury that makes it suitable for polarographic work. [3]
The standard addition method in Polarography is most useful when the sample matrix is complex. A 50ml
waste water sample from a Nickel mine dump gave a wave height of 5.38uA in a polarographic analysis.
When 0.500 ml of solution containing 25 mM Ni** was added, th wave height measured 8.25 pA.

Calculate the concentration of nickel in the unknown (in ppm), given that supporting electrolyte alone
gave a residual current of 0.05 pA. [5]

QUESTION 2 [25]

a)

b)

¢)

d)

Apart from migration, how else do electroactive ions in solution move towards the mercury electrode in
polarography? (2]

In polarography, the current is sometimes observed to “overshoot” the diffusion current before settling
back down at the plateau. What causes these current maxima, and how are they eliminated? [2]

In polarography, analyses are conducted within an electrochemical window governed by the anodic and
cathode limits. Discuss the origins of these limits with the aid of chemical equations. [4]

Oxygen waves are a nuisance in the polatographic determinations of heavy metals. However, levels of
dissolved oxygen in water samples can be measured polarographically.

) Explain the origins of oxygen waves in polarography using supporting chemical equations. [4]

(ii) How is oxygen experimentally removed in polarography? [1]

(iii)  Suppose tap water is scanned in a polarograph without deaeration, and the following is observed:
E % =0.05V, ig ave = 1.81pA, when the rate of flow of mercury is 2.00 mg/sec and the drop

interval is 5 sec. Calculate the concentration of oxygen in the tap water in ppm units (diffusion
coefficient =2.12 x 10 - em?/sec). [5]
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¢) Sometimes useful information can be derived from the rising portion of the polarographic wave, for
example, the number of electrons involved in the reduction. For benzoquinone, the following data were
obtained in the rising portion of a polarographic wave:

E vs SCE (V) LpA
+0.210 0.591
+0.190 0.146
+0.170 4.646
+0.150 6.299
Calculate the value of n if lgmax = 7.008 pA. [7]

QUESTION 3 [25]

b) Describe the three (3) main requirements that enable an electrode to be considered a “reference electrode”

[3]

¢) A reference clectrode encountered frequently in analytical measurements is abbreviated “SCE”.

(i) What does the acronym SCE stand for?
[f]
(ii) Use a diagram to describe the components of the SCE.
3]
(iii) Write down the electrode reaction of the SCE and state its potential. [2]
(iv) State one disadvantage of the SCE [1]

d) Unless it is to be measured, the liquid junction potential is undesirable in direct potentiometry. Explain
the origin of a liquid junction potential in potentiometry, and indicate how it is eliminated. [3]

¢) With regards to the Orion fluoride ion selective electrode,
i) Describe the structure of the electrode with the aid of a diagram. (4]
ii) Calculate electromotive force of the electrode. 2]

iii) Explain the role of cach of three (3) components of TISAB used in conjunction with the fluoride
electrode 6]

QUESTION 4 [25]

a) Consider an amperometric titration of Pb 2+ with titrant Titr 2 to form PbTitr using one polarized electrode.

i) On one plot, sketch the current/volatage curves (Ex, po = -0.4V vs SCE) at the points at which the
titration is 0%, 50%, 100%, 110% complete. [4]
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ii) If the dropping mercury clectrode is held constant at -1.0V vs SCE, plot the resultant titration curve,
assuming that the titrant is not electroreducible. [3]

i) Sketch the current/voltage curve that you would expect if Titr >, being non-electrodeducible, were to
be titrated with Pb 2" instead, at the points indicated in a (i) above. [4]

iv) Sketch the shape of the titration curve that would result if Titr 2 were to be electroreducible as well.

(3]

b) Consider a biamperomeiric titration in which Fe - ig titrated with Ce *' according to the reaction:
Fe 2t +Ce ——— Fe¥* + Ce®*. Given that the Fe / Fe** couple gets reduced at more negative

potentials than the Ce**/Ce** couple,

i) Sketch the current-potential curves for points at which the fraction titrated is 0.1, 0.5, 1.0 and 1.2,

assuming an impressed voltage of 100 mV across the electrodes [4]
if) Sketch the biamperometric titration curve for this system. [2]
¢) Explain how the pH glass electrode works using equations to support your answer. [5]

QUESTION 5 [25]

(a) Write down the Nernst equation, and explain all the terms appearing in it. [3]
(b} In potetiometry, potentials are measured relative to the standard hydrogen electrode (SHE) potential,

i} Draw the SHE, and label all its components [4]

ii) Write down the electrochemical equation taking place within the SHE and state its standard electrode
potential (2]

(¢) For the electrochemical cell:
Cd (s) / Cd Cl, (aq, 0.0538 M) // Ag NOs (aq, 0.0320M) { Ag (s)

i) What component is represented by the symbol /7

(1]
i) How is it constructed?
2]
iii) How does it work?
(2]
iv) Would the cell be galvanic as written? [4]

(d) With regards to the pH glass membrane electrode, describe

i) The terms kas and P in the equation: B = Kes— B (0.05916) log An+, inner
(4]

AH+, ouler




ii) The “alkaline error”

(1]
iii) How the glass membrane can be modified to produce a sodium ion electrode (1]
iv) The “acid error” (1]

QUESTION 6 [25]

a) Modern methods in polarography seek to reduce capacitive current. Use a diagram to explain the origins

of capacitive currents in polarography (3]
b) Use diagrams to explain the difference in time behavior between capacitive current and Faradaic current,

and their resulting superposition at the dropping mercury electrode. 3]
¢) Use diagrams to show the dependence of Faradaic and charging current on concentration. [3]

d) Explain how the current is sampled in Tast Polarography, and compare the:

i) Resolution i1
it) Detection fimits {1]
jiii) Appearance of the polarogram 1]

between Tast Polarography and Classical Polarography.

¢) Explain how the current is sampled in Differential Pulse Polarography (DPP), and compare the:

i) Resolution

1]
ii) Detection limits [1]
iii) Appearance of polarogram [}

between DPP and DC Polarography.

f) Anodic Stripping Voltammetry {ASV) surpasses flame atomic absorption spectroscopy in the determination
of ultra trace levels of lead in drinking water in terms of detection limits.

i} With the aid of a diagram, explain the instrumentation used in ASV. 4]
1) Use a diagram and equations to describe the deposition step in ASV. [2]

ii)  Use a diagram and equation to describe the stripping step in ASV.
2]

iv) Explain why it is more sensitive than FAAS in terms of detection limits.

[2]
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standard Reduction Potentials®

Ruaction B2 (volts) AT (V)
Aluminum
AP? + 3e” = Als) —1.677 0.533
AICPY + 3e™ = Al(s) + CF —1.802
AlEST + 3e™ == Al(s) + 6F —2.069
Al(OH); + 3™ = Al(s} + 40H ™ —2.328 -1.13
Auntimony
SHOT 4 2H* + 3e” = Sb{s) + H,0 0.208
Shy(a(s) + GH' + 6e7 = 28b{s) + 30 0,147 —(.369
Sh(s) + 3B + 3e” = SbHa(g) —0.510 (1,030
Arsenic
H;As0, + 2HY + 227 = HyAsO; + HyO 0,575 —0.257
H:AsOs + 3HY + 3e7 = As(s) + 3H;0 0.2475 —0.505
Asls) + 3HT + de” = AsHa(g) ~{.238 —0.029
Barium
Ba" + 2e” + Hg = Ba(in Hg) —1717
Ba®* + 2¢” = Ba(s) —2.906 ~{.401
Beryllium
Be?™ + 2e7 = Be(s) —1.968 0.60
Bismuth
Bi** + 3¢” = Bify) 0.308 0,18
BiCly + 3¢~ = Bi{s) +4Cl~ c.l6
BiOCI(s) + 2H™* + 3e™ == Bi(s) + H,0 + CI” 0.160
Boren
2B(s) + 6H* + Ge™ == BHelg) ~0,150 —0.296
B,03" + 14H" + [2e” = dB(s) + TH,0 ~0,792
B(OH} + 3H" + 3e” = B(s) + 3H;0 0,889 —0.492
Bromine
BrO7 + 2H + 2¢” = Br0Oy + Hy0 1.745 —0.581
HOBr + H* + ¢~ = Bra(l) + 1,0 1.584 -0.75
B0y + 6H' + Se” =2 4Br(/) + 3H,0 1.513 —0.419
Bra{aq) + 2¢” = 2Br~ 1.098 —0.499
Bryfl) + 2¢” = 2Bt~ L0778 —0.611
Bry + 2¢ =381 1.062 —0.512
BrO™ + H,0 + 2¢~ = Br™ + 20H™ 0.766 —.94
BrO7 + 3H,0 + 6~ == Bi™ + 60H 0.613 -1,287
Cadmium
Cd** + 2¢” + Hg = Cd(in Hg) —0.330
Cd** + 2e” = Cd(s) —0.402 —-0.029
CA(C,0:)(s) + 26~ = Cd(s) + C,05~ —0.522
Cd(C,007 + 2o~ = Cd(s) + 2C05 —0.572
CANH)E™ + 267 = Cd(s) + 4NH; —0.643
CdSts) + 26~ = Cd(s) + §2~ —1.175
Calcium
Cals) + ZH" + 2¢7 = Cally(s) - 0776
Ca?' + 2e” + Hg = Cafin Hg) —2.003
Ca®™ 4+ 2e” = Ca(s) —~2.868 —0.186
“All species are aguecus imless otherwise indicated. The reference state Jor amatgams iv an infinitely dilie solition of the element in
IHg. The temperanve coefficient. dE/T altows us to calctdate the standard petential, E°(T), at temperature T E(T) = E° + (dE°/dT)AT,
where AT iy T — 298.15 K. Note the units mV/K for dE*/dT. Once you know E° for a net cell reaction ar remperature T, you can
Sfind the equilibrium constant, K, for the reaction from the formula K = JOEEIRTI \yhyare u is the mumber of electrons in each
half-reaction, F is the Faraday constant, and R ix the gas constand.

sourcEs: The niost authoritative source is 8. G. Bratsch, J. Phys, Chem. Ref. Data 1989, 18, 1. Additional daia come from L. G, Sillén
and A. E. Martell, Stability Constants of Metal-Ton Complexes (London: The Chemtical Saclery, Special Publications Nos. I7 and 25.
1964 and 1971); G. Milazzo and §. Caroli, Tables of Stand { Electrode P ials (New York: Wiley, 1978 T. Mussini, P. Longhi,
and 5. Rondinini, Pure Appl. Cheni. 1985, 57. 169. Anather good source is A. L. Bard, R Parsons, and J. Jardan. Standard Potentials
in Agueous Solution (Wew York: Marcel Dekker, 1985). Reduction potentials for | 260 frec radical reactions are given by P. Wardman,
J. Phiys, Chen. Ref. Data 1989, 18, 1637,
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Renction I (volts) dE/dT (mV/IK)
Caacetated’ + 2¢” = Cals) + acetate” —2.891
CaSO{x) + 267 = Cals) + SO5~ —2.936
Ca(malenate}(s) + 2e¢™ = Cafs) + malonate?™ —3.608
Carbon
CyHa(g) + 2H' + 267 = CyHylg) 0.731
0.700
0=<:>=0 4 2H 4+ 2 = HO—@—OH
CHLOH + 2H™ + 2e7 = CHy(g) + Hy0 0.583 —0.039
Dehydroascorbic acid + 2H* + 2e” = ascorbic acid + H;0 0.3%0
{CN)g) + 2HY + 2™ == ZHCN(ag) 0.373
H,CO + 2H" + 2e~ == CH,OH 0.237 ~{,51
Cts) + 4H™ + de™ = CHylg) 0.1315 —~{,209 2
HCO,H + 2H" + 2e” = H,CO + H,0 ~(.029 ~0.63
COxg) + 2H" + 2e” = CO(p) + H,O —0.103 8 —03977
COxg) + 2H* + 2e~ = HCO.H —0 114 -0.94
200:(g} + 2H" + 2e” = HyCo0,4 —0.432 —-1.76
Cerinm
172 [.54
L70 1 FHCIO,
Ce*t +e” = Ce*t 144 | FHyS0,
1.6} | FHNO;
147 1FHG
Ce™! + 3 == Cels) -2.336 0,280
Cesiem
Cst 4 ¢ + Hg = Cs(in Hy) -1.950
Cs' + e =2 Cs(s) —3.026 —1.172
Chlorine
HCIO; + 2HT + 2e~ == HOCL + HyO 1.674 (.55
HCIO + H' + &~ = iCh{g) + H,0 1.630 —-0.27
Cloy + 6HY + 5¢7 = {Clalg) + 3H:0 1.458 —0.347
Cly(aq) + 2¢~ ==2C1~ 1.396 -0.72
Cly(g) +2e” =2C1~ 1.360 4 -1.248
ClO; + 20" + 2¢” = ClO7 + HyO 1.226 —0.416
ClOy + 3H' + 2¢7 = HCIOy + HyO 1157 —-0.E80
ClOy + 2HY + 7= Cl0; + H0 1.130 0.074
ClO, + ¢~ = IOy 1.058 —1.335
Chromium
Cr,0F + L4H" + 6o~ == 200 + TH0 1.36 -132
Cro3™ + 41,0 + 3¢ = Cr(OH); {s. hydeated) -+ 50H™ -0.12 —1.62
o' +em =R —0.42 L4
At +3e =Cls) —0.74 0.44
Cr' + 2e” =0t —0.89 —0.04
Cohalt
1.92 1,23
Co*' + e =Co*' 1.8F7 8 F Hy30,
1.850 4 FHNO;
CoNHa)s(H, 00" + ¢~ = Co{NHa)s(H,0)*' 037 1FNHNO;
Co(NHo)Y*™ + e” = Co(NH %' 0.1
CoOHY + H' + 2¢™ = Co(s) + H:0 0.003 -0.04
Co** + 2¢7 = Cols) —-0,282 0.065
CotOH)a{s) + 2~ = Cafs) + 20H~ —{,746 —1.02
Copper
Cu+ + ¢~ = Cu(s) 0.518 -0.754
Cu®* + 227 = Cu(s) 0.339 0.01%
Co?t e = Cot 0.161 0.776
CuCl(s) + e~ = Cufs) + CI™ 0.137
Cu(lOq)(s) + 2¢7 = Cufs) + 2107 -0.079
Cu(ethylenediamine)y + e~ = Culs) + 2 cthylencdiamine —0.119
Cul(s) +e"=Cu(s) + I —0.E85
Cu(EDTAY™ + 2¢” = Cu(s} + EDTA*™ —0.216
Cu(OH)y(s) + 2~ = Culs) + 20H™ —-0,222
Cu(CN); + ¢~ = Cufx) + 2CN~ —0.429
CuCN(s) + ¢~ = Culs) + CN™ -0.639
{Continued)

APPENDIX H Standard Reduction Potenttals




Reaclion 2% {volts) dEtd T (mVK)
Dysprosium
Dy’ '+ 3e” = Dy(s) —2.295 0373
Erbium
EP* + 3e” = Erfy) —~2.331 0.388
Europium
B + e = Bt ~0,35 [.53
Bu** + 3¢~ = Euls) ~1.991 0.338
Eu?* + 2e” = Eu(s) —2.812 —0.26
Flucrine
Falg) + 267 = 28 2,890 —~1,870
E,0(g) + 2H +de” =2F + Ha0 2,168 1,208
Gadolinium
G+ 3T = Gd(s) =2.219 0.3L3
Gallium
Go®t + 3¢ = Gais) ~(,549 0.61
GaOOH(s) + H0O + 3¢ = Ga(s) + 30H” —1.320 —~1,08
Germanium
Ge’* -+ 2¢7 = Gels) 0.1
HGeO, + 4H™ + de™ = Gels) + 4,0 0039 —0.420
Gold
Au’ +e = Au®) 1.69 -1
AT+ 2e” = AT 141
AuCly + e~ = Auls) -+ 2C17 1.154
AuCly + 2e” = AuCly + 2C17 0.926
Halnium
HE*' + 4e” == Hf(s) —1.55 0.68
HEO,(s) + 4H' + de” = HI(s) + 2H0 S -1 —0.355
Holmium
Ho'* -+ 3¢ == Ho(s) —2.33 0.371
Hydrogen
2H* + 27 = Ha(g) 0.0000 0
HyO + e~ = §Hag) + OH™ —0.8280 —0.8360
Indium
' + 3e” + Hg = In{in Hg) -0.313
I + 3¢ = In{s) —0.338 0.42
! +2e = —0.444
In{OH)(s} + 3¢~ == In(s} + 30H~ —0.99 ~0,95
fedine
10; +2H" + 2¢” =107 + H0 1.589 —0.85
HilOg + 2H* + 2e~ <= HIO, + 3H,0 1.567 —0.12
HOI + HY + ¢~ = () + HhO 1.430 —0.339
IChis) + 3c™ = $Ta(s) + 3CI” 1.28
ICl(s) + &~ =>40,(s) + CI7 122
07 + 6HT + 5¢” = 3hfs) + 3H,0 1.210 —0.367
107 +5HY + 407 == HOT + 2H;0 1.154 ~0.374
Toferg) + 2e7 =287 0.620 —-0.234
Los) + 26 == 207 0.535 ~0.125
L+ 2e” =30 0.535 ~0.186
107 + 3H;0 + e~ =17 + 60H™ 0.269 ~1.163
Iridinm
neE™ + " = IeCly~ 1.026 1FHCl
LB +¢” = B 0.047 2F NaBr
HCTE™ + de™ = In(s) + 6C17 0.835
[¥Q4(s) + 4H* + 47 = In(s) + 2H0 073 —0.36
W reT = 0485 1FXI
Iron
Fe(phenanihroline); ™ + e~ = Fe({phenanthroling)} 1.147
Fe(bipyridyly}* + ¢~ = Fe(bipyridyD3™ 1120
FeOHZ* + HY + &~ =2 Fe** + H;0 0.900 0.096
FeO?™ + 3H,0 + e~ =FeOOH() + S0H” 0.80 ~1,59
0.771 1.175
0.732 1 FHCl
Fe'* + ¢~ = Fe?t 0.767 1 FHCIO,
0.746 1 FHNO,

068 1 FH;S0,

g
| AP22

I
f

APPENDIX H Standard Reduction Potentials



Reaction L° {volis) BT (V)
FeODH(s) + 3HY + e” = Fe*" + 2H,0 0.74 —1.05
Ferricinium™ + ¢ = ferrocene 0.400
Fe(CNYS ™ + &~ = Fe(CN)E™ 0.356
Fe(gluamate)** + ¢™ = Fe(glutamate)™* 0.240
FeOH" + H' + 2¢” = Fels) + Hy0 —-0.16 0.07
Fe®™ + 27 = Fe(s) ~0.44 0,07
FeCO(s) + 2¢” == Fels) + CO}~ —0.156 ~1,293

Lanthanum
La®* + e = Lafs) -2.379 0.242
Latsucchnate)”™ + 3¢~ = La(s) + succinate®™ —2.601

Lead
Pt + 267 =2 PHYT 160 1 FHNO,

PhOy{s) + 4H7 + SOF™ + 2e = PbSO4(s) + 2H,0 1.685
PbOa(s) + 4H" + 2e” = Pb™* + 2H,0 1.458 —0.253
APhO,(s) + 2HO + 4e” = PhyOuls) + 4O0H™ 0.269 ~1.136
Pby04(s) + HyO + 2e” = 3PBO(s, red) + 20H” 0.22¢ ~1.211
PhOys) + HyO -+ 2e™ = 3PbO(s, yellow) -+ 20H™ 0.207 ~1.177
PH2T + 2e” = Pbis) —0,126 —0.393
PLF,(s) + 267 = Ph(s) + 2F —0.350
PbSOu(s) + 2e” = Ph(s) + SO}~ ~0,355

Eithium
Lit + e~ + Hg = Li{in Hg) —2.195
Li" +e” = L8 —~3.040 -0.514

Lutetium
Lo** + 3e” =2 Luls) -2.28 0.412

Magnesium
Mg?* -+ 2¢” + Hg = Mp(in Hg) —1.980
Mg(OH)* + H* + 2¢7 = Mg{s) + Hy0 —-2,022 0.25
Mg?" + 2e” = Mg(s) . —2.360 0.199
Mg(Cz00(s) + 2o~ w Ma(s) + Ci0%~ | —2.493
Me(OH)yis) + 2™ = Mg(s) -+ 20H” 2,690 —0.946

Manganese :

MnOj + 4H* + 3e7 = MnOaf(s) + 2H;0 . —0.67%
Mn** + ¢~ = Mn?* 11,56 1.8
MnOj + BH* + 5¢” = Mot + 4H;0 1507 —0.646
MngOss) + 6H* + 2™ = 2Mn*" + 30 /1488 —0.926
MnOgls) + 4H* + 2e7 = Mn?™ + 2H,0 1230 —0.609
Mn(EDTA)™ + e~ = Mn(EDTAY*~ 0.825 —~1.10
MnQ; 4+ e~ = MnOj” 0.56 -2.05
Iing03(s) -+ HoO + 26~ = 2inyOy(s) + 20H™ 0.002 —1.256
Mg Oy(s) + 4H,0 + 2~ == 3Mn(OH),(s) + 20H™ —0.352 -1.61
Mot + 2e” = Mn(s) —1.i82 —1.129
Mn{OH),{s) + 2¢” %= Mn(s) + 20H" —~1.565 -L10

Mercury
2HpEt + 2¢” = Hpd*t 0.908 0.095
Hg®™ + 2¢7 = Hg()) 0.852 -0.116
Hg2* + 2™ = 2Hg(} 0.796 0327
HE,S044s) + 26~ = 2Hg(!) + SOI~ 0.614

_ - 0.268
Hg;Cl(s) + 2¢7 == 2Hg() + 2Ct {0.241 (saturated calomel electrode)
Hg(OH)y + 2e~ = Hg{/) + 30H" 0.231
He(OH), + 2¢~ = Hg(/) + 204~ 0.206 ~1.24
Hg,Bry(s) + 2¢” = 2Hp(!) + 2Bt~ 0.140
HgOfy, yellow) + H,0 + 2 = Hg(l) + 20H" 0.098 3 ~1.E25
HgO(s, red) + H,O + 27 = He(l) + 20H™ 0.097 7 ~1.1206

Molybdenum
MoQZ™ + 2H;0 + 2¢” = MoOyls) + 4017 ~(L818 -1.69
MoO3™ + 4H;0 + Ge~ = Mo{s) + 8OH™ —~0.926 -1.36
MoO4(s) + 2H,0 + de” = Mo(s) + 40H~ -0.980 —1.196

Neodymium
Nd'* + 3e” = Nd(s) -2.323 0.282

Nepluniem
NpOj + 2H™ + e~ = NpOi* + H0 2.04
NpO3* + e” = NpOy 1.236 0.058

(Confinued)
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TReaction 2 (volis) BT (mV/IK)
NpQ7 + 4H™ + &~ = Np** + 2H0 0.567 —1,30
Np*t +e” = Np't 0.157 1.53
Np*t + 3¢7 = Npis) 1,768 0.18

Nickel
NiQOH() + 3H* + ¢~ = Ni*' + 2H0 2.05 —1.17
Nit* 4+ 2e” = Ni(s) —~(.236 0.146
NECMZ™ + & = Ni(CN)§~ + CN —0.401
Ni{OH)y(s} + 2¢~ == Nifs) + 20H~ —-0.714 -1.02

Niebium
INBOs(s) + HY + 7 = NbOu(s) + im0 —0.248 —0.460
INDOs(sy + SHY + Se~ = Nb(s) + £H,0 ~0.601 0,381
NbO,{s) + 2H™ + 2e” == NbO(s} + H0 ~(.646 —0.347
NoO,{s) + 4H" + de™ == Nb(s) + 2HpO —0.690 —0.361

Nitrogen
HIN; + 3H" + 2¢7 22 Na(g) + NHJ 2.079 0.147
NoO(g) + 2H" + 287 = Ng(g) + H0 1.769 —0.461
INO(g) + 2H” + 26”7 = N;0(g) + H0 1.587 -~ 1.359
NO'Y + 7 = NO(g) 1.46
INH,OH" + HY + 2¢” = NpHy + 2H:0 1.40 —0.60
NHOHY + 2H* + 2¢” = NHJ + Hy0 133 —0.44
N HI + 3HT + 2¢7 == 2NHY 1.250 -—0,28
HNO, + H" + ¢~ = NO(g) + H;O 0.984 0,649
NOy + 4H* + 37 = NO(g) -+ 2H0 0.935 0.028
NOy + 3H' + 2~ = HNO, + Ha0 0.940 —0.282
NO; + 2H' + &~ # N0a(y) + HoO 0.798 0.107
N(x) + BHY + 6e~ = 2NHJ 0.274 —0.616
Malg) + SH' + de” = NaH,{ —0:214 -0.78
Ny(g) + 2H,0 + 4H* + 2¢” = 2NH;0H" =1,83 —0.96
Ny + H' + " =HNy —3.334 —2.141

Qsmium
0s04(s) + 8HY + 8¢ == 0s(s) + 4H;0 —-0.458
OsC]%" + g7 = 0sClET

Oxygen
OH+H' +e"=H0 -1.0
O(g) + 2H" -+ 2e” =10 —1.1484
Ox(g) + 2H' + 227 = Oalg) + Ha0 —0.489
H,0, + 20" + 267 = 2H0 —0.598
HO, + HY 4+ &~ = H0, —0.7
104g) + 2H' + 2e” = H,0 ~-0.845 6
Oyg) + 2H" + 27 = HyO; —0.993
Oulg) + H' +¢” ==HO; -1.3

Palladium
Pd** + 2e7 = Pd(s) 0915 0.12
BAO(s) + 2HT + 2e” =Pd(s) + IO 0.79 —0.33
PACE™ + 27 = Pd(s) + 6C17 0615
PAO,(s) + HaO + 267 = PAO(s) + 20H™ 0.64 -1.2

Phosphorus
1Py(s. white) + 3H" + 3e™ == Plly(g) —0.046 —0.093
Lpy(s. red) + 38T + 367 == PHa(g) —0.088 —0.030
HLPO, + 2H™ + 267 = HaPO; + Ha0 -0.30 —0.36
HyPO, + SH™ + 57 = IPy(s, white) + 4,0 —0.402 —0.340
H,PO; + 2H™ + Ze” = HPO, + H,0 —~0.48 -0.37
HAPO, + HY + 27 =2 §Py(s) + 21,0 —0.5¢

Platinwm
P! + 2e” =Pt(s) 1.18 -0.03
PLO,(x) + 4H™ + de” = Pis) + 21,0 0.92 —0.36
Py -+ 2¢ = Pr(s) + 4C17 0.755
PICIZ™ + 2e” = PICIE™ + 2017 0.68

Plutoniurm
Pu0; + e = PaOy(s) 1.585 0.39
PuOZ* + 4H" + 2¢” = Pu'" + 1,0 1.000 —1.6151
Put" e = Pot 1.006 1441
PuO® + ¢ = Pu0; 0.966 0.03
PuO,{s) + 4H* + de” = Puls) + 2H,0 -1.369 —-0.38

-1.978 0.23

put' + 3e” = Pu(s)
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Rewction £° (volis) dBECH T (V)
Potassium
K* + ¢~ + Hg = K(in Hg) -1.975
K* e~ w2 K(5) —2.936 —1.074
Praseodymium
pri’ + e wprt! 12 1.4
Pr* 4 3¢~ w2 Pr(s) -2.353 0.201
Promethium
Pm'* + 3¢~ = Pm(s} —-2.30 0.29
Radium
Ra®* + 2e” =Rafs) —2.80 —0.44
Rhenium
ReQ; + 2HY + &~ =ReOy(s) + H,0 0712 —1.17
ReQp + 4H" + 3¢ = ReOy(s) + 2H;0 0510 —0.70
Rhodium
Rb®" + 3¢ = Rh*" 148 1 FHCIO,
Rb + ¢~ == REY 144 3FH80;
RACE™ + ¢” =RhCl™ 1.2
RE** + 37 = Rh{s) 0.76 0.4
RRY + 2 =Rby* 0.7
RhCE™ + 3¢~ == Rh(s) + 6Cl~ 0.44
Rubidium
Rb' + e” + Hg = Rb(in Hy) —1.970
Rb* + e~ == Rbis) —2.943 —1.140
Rutheniom
RuOp + 6H* + 3¢~ = Ry(OHE" + 2H0 £.53
Ru(dipyridyi* + ¢~ v= Ru(dipyridyDi" 1.29
RuQ,(s) + 8HY + 8e™ =2 Rufs) + 4H,0 11,032 —0.467
Rt + 2¢” =Ru(s) 0.8
Ru™* + 3¢ = Ru(s) 0.60
Ru>* + e =Ru** 0.24
Ru(NHF* + ¢~ = Ru(MH)E" 0214
Samarium :
Sa*t 4 3¢7 =Sm(s) T —2.304 0.279
Smt + 267 =Sm(s) +2.68 —0.28
Scandium ;
Sc*t + 3¢ = Sc(s) =209 0.41
Selentum d
SeQi™ + 4H* + 2¢7 = H;8e0; + Hy0 1,150 0.483
H,Se0; + 4H* + de” == Se(s) + 3H;0 0.739 —0.562
Se(s) + 2H' + 2e” = H,Selg) -0.082 0.238
Se(s) + 267 =8¢’ —0.67 -1.2
Silicon
Si(s) + 4H* + de” = Sila(g) —,147 —0.196
Si0y{s, quariz) + 4H* + de” = Si(s) + 2H;0 -0,990 —0.374
SiFE + de” = Sils) + 6F -1,24
Silver
2.000 4 F HCIO,
AT e = At { 1.989 0.99
1929 4 F HNO;
At 227 = Ag' 1.9
AEO() + HY + e =2 {Ag0(s) + $H;0 1.40
Ag' +e7 = Ag() 0.799 3 —0.989
ApsCaOs) + 2o~ = 2Ag(s) + GOE 0.465
AgNA(s) + &7 = Ag(s) + N7 0.293
- . 0.222
AgClls) + e7 = Agls) + CI 0.197 satueated KCI
AgBr{s) + e” = Ag(s) + Br 0.071
Ag(S20:87 + ¢~ = Agls) + 25,0%" 0.017
Anl{s) + 7 = Agls) + 17 —0.152
ARS(E) + HY + 2¢” =2 2Ag(s) + SHT —-0,272
Sodium
Na' + e~ + Hg == Na(in Hg) —1.959
Na* + JHy(g) + e = Nalk(s) —2.367 —1.550
~2.7143 —0.757

Nat + e = Na(s)
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Reaction F® (volls) AEYAT (mV/K)
Strontium
SrEt 4 2e” = Sr(s) —~2.889 —0.237
Sullur
S,007 + 27 =280} 201
§,087 + dH* + 2e” = 2H;80, 0.57
480, + 4H* + 6~ = §,08 + 2H0 0,539 —L11
50, + 4H* + 47 == () + 2H0 0450 —0.652
2H,50; + 2H* + de” = §,05 + 30 0.40
Ss) + 287 4 267 = HaS(g) 0.174 0.224
S(s) + 2HT + 267 = HyS(ag) 0.144 —0.21
S,0% 4 2HT + 2e7 = 2HS,07 0.10 —0.23
58(s) + 2e” = 58 —0.340
Sis) 4+ 2e” =82 —0.476 ~0.925
28(s) + 2e” = 53 ~0.50 ~1.16
2503 + 3H,0 + de” = 5,05 + 60H —0.566 —-1.06
SO~ + 3HaO + de” = S(s) + 6OH™ —0.639 ~1.23
SO~ + 4Ha0 + 6e” == §(s) + B8OH™ —0.751 ~-1.288
SO + Hy0 + 2¢” =507" 4 20H” —0.936 —1.41
2807 + 2H,0 + 2e” = 5,0 + 40H” ~-1.130 ~0.85
280%™ + 2H,0 + 2~ =2 8,07 + 40H™ -1.1 ~1.00
Tantalum
TagOs(s) + 10H™ 4 10~ = 2Ta(s) + 5H,0 —0.752 —0.377
Technetitm
TeOy A 2H,0 + 3e7 = TeOals) + 40H™ -0.366 ~1.82
TeOy + 4H,O + 7e” = Te(s) + 8CH™ —0.474 b A6
Tellusinm
TeO% ™ + 3H,0 + de~ = Te(s) + 60H" —0.47 ~-1.39
2Te(s) + 26~ = Tej ™~
Te(s) + 2~ = Te*~ —-1.0
Terbium
T +e” =T 15
Tb'™ + 3™ = This) 0.350
Fhallium
L 0.97
1 EHC
T + 227 =TI 1 F H,804
1 FHNO;
~1 F HCIO,
TI" + e + Hg=TI(in Hg)
TIY + e = TI(s) —-1.312
TICIs) + e~ =Tls) + CI™
Thorium
Th'' + 4e” = Th(s) ~1.826 0.557
Thulium
Tt + 3¢ =Tm(s} —2.319 0.394
Tin
SnOH)] + 3H" + 2¢7 =8n®" + 3H0 0.142
Sptt o 2¢” = 80t t 0.139 1 FHCI
Su0,(s) + 4H' + 2e” = 87" + 2H0 —0.094 —~0.31
Sn* 4 2¢” == Sn{s) —0.141 —0.32
SnFZ™ + de” = Sn(s) + 6F —0.25
Sn(OH)™ + 2¢~ == Sn{OH); + 30H™ —0.93
Sn(s) -+ 4H,0 + 4~ = SnHyfg) + 40H” ~1.316 —~1.057
$a0(s) + HyO + 267 = SnO(s} + 20H~ ~0.961 ~1.129
Titanium
TIO* + 2HY + e” =T + H,0 0.1 —0.6
T + ¢ =T -0.9 L5
Ti0y(s) + 4H* + de™ = Ti(s) + 2H,0 —14076 0.365
TIF: + 4¢~ = Ti(s) + 6F -1.591
Titt + 267 = Tifs) —1.60 —0.16
Tungsten
W(CNR ™ + ¢~ == WECNY~ 0.457
WO L o~ = Wt 026 12FHC
~0.001 —0.389

WO,(s) + 6HY + Ge™ = W(s) + 3H;0
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Reaction E° (vells) dEYAT (mV/IC)
W e = W -3  12FHC
WO,(s) + 2H;0 + de™ = W(y) + 40H™ ~(.982 ~1.197
WO~ + 4H,0 + 667 = Wis) + 80OH™ --1,060 -1.36
Uranium
U0} + 407 + e~ = U + IH;0 0.39 34
U0 + 4H* + 2¢~ = U™ + 21,0 0.273 1,582
U + e =U0¢ 0.16 0.2
U™ 4+ e = 3 —0.577 1.6
UM +3e =U@) —1.642 0.16
Vanadium
VO + 2H* + e = VO + H0 1.001 —0.901
VOt + 2H +e” =V + H0 0,337 —1.6
Ve = VI —-{.,255 5
VI 2e” = V() —1.125 -0.11
Kenon
H,XeOg + 2H" + 2e™ = XeOy3 + 3H,0 238 0.0
XeF, + 2H* + 2¢” = Xe(g) + 2HF 2.2
XeO; + 6H* + 627 = Ke(g) + 3H,0 2.1 —0.34
Yiterbium
YH'H + 3T = Yh(s) -2.19 0.363
Yb?t + 2 = Yh(s) -2.76 ~0.16
Yttrium
Y+ g = Y(s) —2.38 0.034
Zinc
ZnOHY + HY + 2¢” = Zn(s) + H0 —0.497 0.03
Zn2' + Ze” = Znis) —0.762 0.119
Zn?* + 2e” + Hg = Znlin Hg) —0.801
Zn(NH3' + 26~ =Zn(s) + 4NH; —1.04
ZnCOx(s) + 26~ = Zn(s} + COF~ —1.06
Zn{OH)7 + 2 = Zn(s) + 30H™ —1.183
Z(OH)E™ + 2e7 = Za(s) + 40H~ 1,199
Zn(OH),(s) + 2¢” = Zn(s) + 20H™ +1.249 —0.999
Zn0(s) + HyO + 2¢~ == Zn(s} + 2007 =1.260 —1.160
ZnS(s) + 26 = Zn(s} + 577 -+1,405
Zirconinm !
Zett 4+ de” = Za(s) 0.67
Zr0,(s) + 4Ht + de” = Zr(s) + 2H,0 —0.344
AP27

APPENDIX H Standard Reduckion Potentials







The Periodic Table of the Elements

1 2
H He
tiydrogen Eelium
1.00794 4.0063
3 4 5 6 7 8 9 10
Li Be B C N 4] F Ne
Lithixm Besyilium Daron Casbon Nitrogen Dxyge Huonno Memy
6.941 2.012182 10.811 §2.0:107 | 14.00674 | 15,9994 [18.9984032| 20.E7%7
11 12 13 14 15 16 17 18
Na | Mg Al Si P S Cl | Ar
Sadium Magesivm Aleminum Sificon Phosphonu Sulfur Chiosine Argon
22.9897701 24.3G50 26.981538 | 28,0855 |10.973761; 32.066 354327 3%.048
19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36

K Ca Sc Ti vV Cr | Mn | Fe Co Ni | Cul| Zn | Ga | Ge | As Se Br | Kr

Patasium Coleiim Scandium | Fiuniem f Vansdium | Chomiom | Magsness fron Coball Nigksl Copger Zino Gllom | Gemanium | Arenic Seleginm Dyomino Krypion
39.0083 | 40.078 |44.955910| 47.867 | 509415 | 51,9961 [54.938049) S55.845 |58.933200] 586934 | 63546 65.39 69.723 72.6¢ 74.92160 ¢ 783.%6 79.904 21.30

37 38 39 40 4] 42 43 44 45 46 47 48 49 50 51 32 53 54
Rb | Sr Y Zr | Nb | Mo Te | Ru Rh | Pd | Ag [ Cd | In | Sn | Sb | Te 1 Xe

Rubidivm Strontim Yiirium Zirconium Hiobium Thodium Paliadiom Sikver Codmitm Indiem Anlimeny Telluriom lodine Kenon

$5.4678 | 87.62 | 88.90585 | 91224 | 9290638 | 95.94 (98) Toro7 |10250850| 10647 | 1073682 | 11zl | 114318 118710 | 121760 | 12760 | 12690847 13i29
55 36 57 72 73 74 75 76 7 78 79 80 81 82 83 84 85 86

Cs | Ba | La | Hf | Ta | W | Re | Os | Ir Pt | Au | Hg | TI | Pb | Bi | Po | At | Rn

Coesiunt Basfusn Lenthanum Hafehim Tantalum Tungsten Rhenium Owmium Iridium Plorinum Gold Meroury Thalium fead Bixmuth Polonium Aslating fadea
132.90545| 137.327 | 138.9055 17849 180.9479 | 181.84 136.207 190.23 192,217 | 195.078 [196.96655| 20059 3 204.3833 207.2  |208.980381 (209} (210) (222)

87 88 89 104 105 106 107 108 109 110 111 112 113 114
Fr | Ra | Ac | Rf | Db | Sg | Bh | Hs | Mt

Froncium Radium Actinivm | Ruiherfordium Lubaium Seabargiom Bohrivm Hassium Meltnerium
(223) (226) (227) (261) (262) (263} {262) (265} (266) (269} (212) 27

58 59 60 61 62 63 64 65 66 67 68 69 70 71
Ce | Pr | Nd | Pm | Sm | Eu Gd | Tb | Dy | Ho | Er | Tm | Yb | Lu

Craum iy ‘Headym F i Banarium Furopivm Gadolinium Tebivm Dysprosium Holmium Erbium Thudivm Yelerhium Lntetivm
140,116 f140.90765| 144,24 (145} 150.36 151.964 157.25 | 158.92534] 162.50 |164.93012| 167,26 !168.93421) 173.04 174.967

90 4 92 93 94 95 96 97 . 98 99 100 101 162 103
Th | Pa U | Np|Pu|Am |Cm | Bk | Cf | Es | Fm | Md | No | Lr

Thoritm Protactinlum Umnium HNephipium Pluigniom | Americiom Cupjum Besketium | Califominm { Cinsteinfum Fermium | Mendeleviom | Nobelium | Larntencium

232.0381 {211.03588| 238.028% (237} (244) (243} (247) (257 (251} (252) (257) 258) {259} {262}

1595 WUPAC masees and Approved Names from sy chem gmntacul Al AL
masses for 103-111 fm C&EN, March 12, 1995, p. 35
122 from hipiwnwasidets) |




