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EFFECTS OF SEVERAL TRACE CONTAMINANTS ON 
FUEL CELL PERFORMANCE 

by 

Su-Moon Park1 and Thomas J. O'Brien2 

ABSTRACT 

The electrochemical reactivity of various trace ~ontaminants in coal gas, 

i':e., Hg/HgS, PbS, CdS, Sn/SnC1 2 /SnC1 4 , and Ti0 2 , in coal gas at the nickel 

anode and the nickel oxide cathode in a molten carbonate fuel cell have been 

examined thermodynamically. Calculations indicate that only SnC14 would undergo 

reduction at the cathode to SnC1 2 • Other species would remain intact. Contami-

nants such as H2S/S02 and HCl have also been included in the calculation. The 

results are.consistent with the limited observations. Possible chemical inter-

actions between contaminants and electrodes or electrolytes have been examined. 

+ Reactions of Sn2 , HgS, H2S, and HCl with the nickel anode have negative free 

energies. Mercury would interact physically with the anode by forming an alloy. 

Reactions of Sn, SnC1 2 , H2S, and HCl with the nickel oxide cathode also have 

uegalive fLee energies. + Reactions of 8n2 , HCl, H:.!S, and S02 with carbonates 

have large negative free energies. Born's model of ion transfer was used to 

calculate the free energy change for the transfer of ions from aqueous solution 

to the molten carbonate solution. 

t 
2
Dept. of Chemistry, Univ. of New Mexico, Albuquerque, New Mexico 
Research Chemist 
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EFFECTS OF SEVERAL TRACE CONTAMINANTS ON 

FUEL CELL PERFORMANCES 

Introduction 

The concept of molten carbonat~ fi1Pl cells is currently under development for 

more efficient and cleaner conversion of coal energy into electrical energy. 

The electrochemistry and the chemistry involved in the operation of fuel cells 

are described in recent reports 1 ' 2 . Coal gas, used as a fuel for the fuel cell, 

contains various contaminants in addition to th~ major components, carbon mon

oxide (CO), hydrogen (H2 ), carbon dioxide (C0 2 ), and water3 '~. These contami

nants are expected to affect fuel cell performance because of their. inter

actions with the electrodes and the electrolyte. In. molten salt fuel cells, the 

electrolyte is usually either an equimolar mixture of lithium carbonate (Li 3 C0 3 ) 

and potassium carbonate (K2 C0 3 ) or a mixture of 62 mole percent Li 2 C0 3 and 38 

mole percent K2C0 3 . Porous metallic nickel is used as the anode; porous nickel 

oxide as the cathode. Th~ cell is usually operated beteween 900 K and 1100 K. 

Experimental studies on the effects of high level contaminants such as H2S/S0 2 

and HC.Q on fuel cell performance have been carried out 5 . Possible adverse 

effects of trace contaminants have been discussed from a simple thermodynamic 

point of view6 . The important point missing in that study was the consideration 

that the fuel cell is an electrochemical device. Due to the electrochemical 

nature of the fuel cell, a contaminant carried to the anode or the cathode by 

the fuel gas may transform into another species. The identity of contaminants 
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is important, since the chemistry involved in both chemical and physical inter

actions depends on the identity of the compound. Thus, it is very important 

to know the form of the contaminant and its electrochemistry at the electrode. 

In this report we attempt first to determine whether or not the contaminant 

will be electroactive and then to predict possible effects on electrolytes and 

electrode materials. We have selected several trace contaminants for this study. 

The criteria for their selection are: 

1. The contaminant is consistently detected in the coal gas from various 

processes, and 

2. the contaminant is suspected of being detrimental to fuel cell performance. 

Of approximately 20 elements 4 which are consistently detected in coal gas, only 

five have been selected for this preliminary study. They are cadmium, lead, 

titanium, mercury, and tin; their thermodynamically stable forms in the effluent 

stream of gasifiers are CdS, PbS, Ti0 2 , Hg/HgS, and Sn/SnCQ2 /SnCQ4 , respectively4 . 

Any of these compounds would make the electrode an insulator or a semiconductor, 

if adsorbed at the electrode surface. Also, the reduced form of any of these 

metals would degrade the performance of the electrodes for the oxidation of fuels 

(H 2 and CO) and for the reduction of the oxidant (0 2 ). This is because these 

metals have a higher activational barrier than Ni or NiO for various electrode 

reactions, not because they are poor conductors. 

The electrochemical behavior of a compound may be predicted if its standard 

electrode potential is known. That is, one can determine by comparing elec

trode potentialo if o given compound would be clcctroactivc in a given range 
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of the potential. Standard electrode potentials can be calculated, if free 

energies of formation of reactants and products are available7' 8 . Since these 

quantities are not available for molten carbonate solutions, we have calculated 

them employing Born's equation9 - 12 . In order to employ Born's model for the 

ion transfer from one medium to another, we used electrochemical data reported 

for an equimolar mixture or lithium and sodium carbonates at 550°C (823 K) 13 . 

Therefore, the discussion in this report pertains to this medium, which is not 

the .usual electrolyte for molten carbonate fuel cells. However, this is the 

only medium for which data are available. Free energies of formation of non-

ionic compounds were taken from the JANAF table 14 , list.ed at 800 K. 

Methods of Calculation 

The standard electrode potential is easily calculated, provided thermodynamic 

data are available 7 ' 8 • For an electrode reaction, 

-+ aA 1 bD t ••••• ne ~ cC + dD + ..... (1) 

the standard electrode potential, E6 , is calculated from the equation, 

(2) 

Here, ilG0 , n, F, and E0 ' are the change in standard free energy for reaction 

(1), the number of electrons transferred, the Faraday constant, and the stand-

ard electrode potential, respectively. Since free energies of formation (AGf) 

listed in the literature are measured in their standard state (e.g., 1.0 ~in 
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the aqueous solution), Born's equation was used to calculate the free energy 

change as a result of transferring an ionic species from an aqueous medium to 

a molten salt. Born's equation has the form, 9 - 12 

LlGt+_= - Ne2 (!._ - !._) 
2 ~1 ~2 

where LlGt, N, e, ~, Z, and r are the free energy change for transferring an 

(3) 

ion from water (1) to molten salt (2), Avogadro's number, the electronic charge, 

the dielectric constant of each medium, the charge of the cation or anion, and 

the radius of the ion being transferred, respectively. Although equation 

(3) was originally formulated for neutral ionic molecules, we have used it for 

calculating the standard free energies of formation of a cation or an anion. 

The diel~ctric constant of water was taken as 81. For the calculation of the 

dielectric constant of the molten salt, the standard electrode potentials 

reported for Co(II)/ Co(O) and Ni(II)/Ni(O) pairs in the equimolar mixture of 

Li 2C0 3 - Na 2C0 3 at 550°C were used13 • The dielectric constant of this medium 

was estimated to be 59.1 using electrochemical data in aqueous and in molten 

salts to calculate LlGt and then eq. (3) to determine ~ 2 . This value was us~d 

throughout this report. Ionic radii were taken from a recent text15 . For 

cations, the radius appropriate to a coordination number of 6 was used, except 

for the hydrogen ion and silver ion. For these ions, coordination numbers of 

2 and 4 were assumed. 
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RESULTS 

Standard free energies of formation (6Gf0
)

16 , free energies required for the ion 

tFansfer calculated fxom Born's model, and calculated free energies of formation 

in molten salts are listed in Table 1. The ion-transfer free energy thus cal-

culated ranged from 1 to 35 kcal/mole depending on the charge and the radius 

of the ion. The 6Gf 0 values at 800 K for compounds other than ionic salts were 

taken from the JANAF table 1 b. They are listed in Table 2. Some values were 

estimated using available C values. In this estimation, C and 68° values at 
p p 

298 K were used instead of those at 800 K. 

In order to evaluate this calculational method, the calculated and measured 

electrode potentials for a few electrode reactions studied in the same fused 

salt solution are compared in Table 3. The agreement between the calculated 

and the measured values is very good; errors are smaller than ±50 mV. As men-

tioned, the ~G~ value for Ag2 S04 was estimated using Cp and 68° values at 298 K. 

Since both the heat capacity and the entropy are temperature dependent, the 

~Gf value estimated using these quantities could have a large error. This may 

explain the negative deviation of the calculated electrode potential from the 

measured one for the Ag 2 S04 /Ag pair, while the other electrode reactions have 

positive errors. For.the H+/H 2-pair, the use of the ionic radius corresponding 

to a coordination number of 2 ·ahowa better agreement with meaourcmcnto than 

does the choice of 1. This may indicate that hydrogen bonding is important 

both in the aqueous and the nonaqueous solution. 
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Using the ~Gf values in Tables 1 and 2, standard electrode potentials for anodic 

and cathodic reactions for trace contaminants in molten salts were calculated. 

The results are listed in Tables 4 and 5. The accuracy of the calculated data 

should be reasonably good except for reactions containing CdS and HgS. The 

~G0 value for HgS was estimated using C and ~0 values at 298 K, as mentioned 
p 

above. For CdS, no temperature correction was made; the ~Gf value at 298 K 

was used. 

The oxidation at the anode of the hydrogen and carbon monoxide in the fuel gas 

to H20 and C0 2 occurs at -0.401V and -0.514V versus NHE (Table 3), respectively. 

Thus, the anode potential would be approximately -0.40V, if the cell operated 

at its open circuit potential. ·The cell, however, requires a high activational 

overvoltage, when the load is drawing 200 ~ 300 mA/cm 2 of current from the 

cell 17 . The actual anode potential under these operating conditions could then 

be as high as -0.20 -0.30V. Any compound, the oxidation potential of which 

is lower than -0.20 -0.30V, would be oxidized along with the H2 and CO, when 

present in the fuel. Inspection of Table 4 reveals that none of the contaminant 

metallic compounds entering would be oxidized at the anode. The sulfur and 

chlorine compounds, whose effects on fuel cell performances have been studied5 , 

are also listed in the table. Potentials for the H2 S to S04
2 - reaction (Table 4) 

indicate that these would be oxidized at the anode to sulfate. The hydrochloric 

acid would be unc_];langed. The oxidation of H2 S to S04 2- would require some 
~.:? 

threshold concentration. This is in qualitative agreement with the experimental 

observations at GE 5 . They detected sulfur compounds in the form of the sulfate, 

but they found from a material balance that a large amount of sulfur was lost. 

Probably, some of the H2 S escaped with the effluent gas before it reached. its 
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threshold concentration. It is not presently possible to calculate this thres

hold concentration, since no data concerning the actual anode potential versus 

a known reference electrode is available. 

At the cathode, of various trace contaminants carried by the oxidant gas, only 

Sn(IV) would be reduced to Sn(II). The cathode potential for the reduction of 0 2 

is 0.579V versus NHE (Table 3), when the cell is operated at its open circuit 

potcntiai. The actual potential could be as low as 0. 4 ··-- 0. 5V versus Nlill depelld

ing on the current density. Thus, any compound whose reduction potential is 

higher than 0.4 ~ O.SV would be reduced along with the oxiqant, 0 2 • Only the 

potential for the Sn(IV)/Sn(II) pair satisfies this condition (Table 5). 

In summary, only the reduction of Sn(IV) to Sn(II) at the cathode is predicted 

thermodynamically. Others would remain in their original form. Sulfur com

pounds, when introduced in the form of H2S, S02 , or elemental sulfur vapor, 

would be oxidized to sulfate at the anode, while hydrochloric acid would not 

be affected. Thus, Sn(II) would be dissolved and accwnulated in the electrolyle 

solution. Other contaminants, i.e., Sn, Hg, CdS, HgS, and PbS would accumulate 

in the electrolyte or as a separate phase after saturation, if there were no 

other interactions with electrolytes or electrodes. 

Possible interactions could be through the formation of chemical bonds and/or 

physical adsorption at the electrode surface. Whether or not a proposed chemical 

reaction could occur can be determined by calculating the free energy change 

for the reaction. Physical interactions may also be evaluated in the same manner, 

provided pertinent data are available. Due to the lack of such data, we will 
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not address this type of interactions. In this report we will only consider 

the chemical interaction of trace contaminants with the electrolyte or the elec

trodes. 

The most straightforward reaction with the electrolyte or electrodes among 

various contaminants would be that of Sn(Ii); Sn(II) will be dissolved in the 

electrolyte. Other contaminants such as HgS, PbS, and CdS would dissolve until 

the solution is saturated. Then they would start to form a separate phase. 

Solubilities of these compounds in molten salts would be higher than in the 

aqueous solution, but they would still be sparingly soluble salts. Elemental 

contaminants, i.e., Hg and Sn, would accumulate in the cell as sludge-like 

material, only if they escape from the electrode. 

For chemical interations, two types of chemical reaction may be considered, 

electron transfer or simple replacement. We will consider reaction of these 

contaminants with the Ni anode first, and then reactions with the NiO·cathode. 

The electrolyte will be considered later. Possible electron transfer reactions 

of trace contaminants,with the anode, along with their free energy of reaction, 

are: 

~G0 = -1.6 kcal/mole (4) 

Ni(s) + CdS(s) = NiS(s) + Cd(s) ~G0 = 18 kcal/mole (5) 

Ni(s) + PbS(s) = NiS(s) + Pb(Q) ~G0 = 2.5 kcal/mole (6) 

Ni(s) + HgS(s) = NiS(s) + Hg(g) ~G0 = -18.5 kcal/mole (7) 
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2Ni(s) + Ti02 (s) = 2NiO(s) + Ti(s) ~G0 = 121.3 kcal/mole (8) 

~G0 = -7.0 kcal/mole (9) 

65° = -11.3 kcal/mole (10) 

We can see that reaction& (~), (7), (9), and (10) are thermodynamically favor

able. The re&ult& of theGe reactionG would be the depoGitibn of the metallic 

tin (reaction [4]), coatipg the electrode surface with srilfides (reactions [7] 

and [9]), or the dissolution of the anode into the solution (reaction [10]). 

While all these reactions would be detrimental to the ele.ctrode operation, 

reaction (7) seems particularly deleterious to the electrode surface. As 

pointed out in the Introduction, reactions (4), (7), and (9) would reduce the 

electrode activity (1) by blbtking the approath of H2 -molecules to the anode 

(catalyst poisoning) through formation of thin films, (2) by making the elec

trode either a semiconductor or an insulator (NiS films), and (3) by raising 

an act1vational barrier tor an electrode reaction (~nand Hg f1lms). The NiS 

film will increase the ohmic loss, whether it is a semiconductor or an insulator. 

The formation of tin films will lower the exchange current density for the hydro

gen oxidation by at least four orders of magnitudej the mercury film will lower 

the oxidation efficiency by about seven orders of magnitude 18 . 

Elemental contaminants, Sn and Hg, can undergo electron transfer type reactions 

with the cathode as follows: 

NiO(s) + Hg(g) = Ni(s) + HgO(s) ~G0 = 31.6 kcal/mole (11) 

NiO(s) + Sn(g) = Sn0 2 (s) + 2Ni(s) ~G0 = -25.3 kcal/mole (12) 
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Of these two reaction, only reaction (12) appears to be important, if there 

are not any physical interactions. The effect of the resulting Sn02 film 

(reaction [12]) is not known. When heavily doped, n-Sn0 2 is a good semiconductor 

with a high oxygen overpotential 19 . Also, since the nickel oxide is of a 

p-type 20 and Sn0 2 is of an n-type, a power loss due to the p-n junction forma

tion is possible. 

At the cathode, simple exchange reactions, where negatively charged atoms are 

exchanged, appear to be more important. These reactions include: 

NiO(s) + CdS(s) = NiS(s) + CdO(s) ~G0 = 16 kcal/mole (13) 

NiO(s) + PbS(s) = NiS(s) + PbO(s) ~G0 = 3.2 kcal/mole (14) 

NiO(s) + HgS(s) = NiS(s) + HgO(s) ~G0 = 17.8 kcal/mole (15) 

NiO(s) + SnCQ 2 (Q) = NiCQ2(Q) + SnO(s) ~G0 = -8.9 kcal/mole (16) 

~G0 = -22.2 kcal/mole (17) 

NiO(s) + 2HCQ(g) = NiCQ2 + H2 0(g) ~G0 = -25.9 kcal/mole (18) 

As can be seen from free energy values, the last three reactions are important. 

Again, these reactions will cause either the dissolution of the electrode mate

rial (reactions [16] and [18]) or the formation of the NiS film on the cathode 

(reaction [17]). The reaction with Ti0 2 has not been considered, since the only 

effect would be the exchange of oxygen atoms. 
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The free energy analysis described above indicates that neither PbS nor CdS 

would interact chemically with the anode or the cathode. This material would 

probably accumulate i~ the electrolyte, degrading its quality. It may also 

plug electrode pores, reducing the activity of the electrodes. 

Physical interactions through adsorption processes at the electrode surface 

could be as important as chemical interactions, but currently it is difficult 

to estimate their importance. Physical interactions are extremely important 

in the case of Hg, which forms an amalgam with metals. For the adsorption of 

Hg by the nickel anode, i.e., 

Hg(g) + Ni(s) = Ni - Hg (19) 

the ~G0 value was estimated6 to be -38 kcal/mole at 900 K. This number indicates 

that the adsorption process of Hg at the ~i-surface is.essentially encounter-

controlled. A similar calculation cannot be made for Sn, HgS, PbS, CdS, and 

TiOa due to the lack of thermodynamic data. As pointed out already, the coverage 

of the electrode surface with any of these compounds, especially with Hg, is 

detrimental to the fuel c~ll operation18 . Effects of these contaminants on 

fuel cell performances may only be determined experimentally. 

Finally, possible reactions of the contaminants with the electrolyte are listed, 

along with their free energy changes: 
. ~ 

1 
··~ 



-13-

6G0 = 40.0 kcal/mole (20) 

6G 0 = 54.7 kcal/mole. (21) 

6G0 = 53.0 kcal/mole (22) 

6G 0 = -66.4 kcal/mole (23) 

6G0 = -33.8 kcal/mole (24) 

6G 0 = 14.6 kcal/mole (25) 

As before, a similar reaction with Ti0 2 is not possible. Also, no reactions 

of alkali cations with the contaminants were considered. Of the reactions 

listed above, reactions (23), (24), and (26) are important. As can be seen 

the effect of these reactions on the electrolyte would be the loss of electro-

lyt~ and ~hP introduction of a new ionic cpecieo (804
2 -) or a new phase (3n0 2 ). 

This could change physical properties such as viscosity and conductivity, as 

already pointed out. 

Summary and Discussion 

The electrochemical reactivity of various trace contaminants in fuel gas at 

the nickel anode and the nickel oxide cathode in a molten carbonate fuel cell 

have been examined thermodynamically. Calculations indicate that only SnCQ4 
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would undergo reduction at the cathode to SnCQ 2 • Other species would remain 

intact. Contaminants such as H2 S/S0 2 and HCQ have also been included in the 

calculation. The results are consistent with the observed phenomenon. Possible 

chemical interactions between contaminants and electrodes or electrolytes have 

been examined. 
+ 

The results indicate that reactions of Sn2 , HgS, H2S, and HCQ 

with the nickel anode have negative free energies. Mercury would interact 

physically with the anode by forming an alloy. Reactions of Sn, SnCQ 2 , H2S, 

and HCQ with the nickel oxide cathode also have negative free energies. Reac

. 2+ tions of Sn , HCQ, H2 S, and S0 2 with carbonates have large negative free ener-

gies. 

Born's model of ion-transfer was used to calculate the free energy change for 

the transfer of ions from aqueous solution to the molten carbonate solution. 

The use of Born's equation for the estimation of the free energy of the ion-

transfer assumes the dielectric continuum model for the solvation of the cation. 

The agreement between the calculated and measured data appears reasonable for 

the limited amount of data available. However, this does not adequately prove 

that this model describes the change in solvation energy between two different 

solvents. More experimental data are necessary to validate this model. Also, 

since the data used correspond to slightly different medium from the actual 

fuel cell electrolyte, the results only approximate the operating conditions 

of a fuel cell. Data are needed in 'the proper molten salt mixture at the proper 

temperature. 
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The dielectric constant, estimated from the data for the equimolar mixture of 

Li 2 C0 3 - Na 2 C0 3 using Born's equation, was 59.1, indicating that this solvent 

would be poorer than water for ionic species. While this number appears rea-

sonable, it is much larger than the early estimation21 of 3 ~ 5. Whether or 

not there has been a gross error in this calculation remains to be answered by 

more experimental results. The agreement is good, as pointed out, but it could 

be fortuitous. It is important to remember that the solvation structure of 

cations was assumed to be essentially the same in both media. This means that 

the hydrated cation in aqueous solution only replaces water molecules with 

carbonate molecules upon transferring. 

In calculating free energies for reactions involving compounds such as CdS, 

HgS, PbS, and Ti0 2 , we have treated them as a solid phase. Since we are moving 

these species from a more polar solvent, H20 (E = 81), to a less polar medium, 

molten carbonate (E =59), they would be expected to be less soluble. Conversely, 

the solubility would increase due to the increase in temperature. As an example, 

the solubility product constant for the process, 

PbS (26) 

is calculated to be 4.1 x 10- 13 in the molten salt at 800 K, compared with 8.8 x 

10- 29 in water at 298 K. The increase in the solubility is largely attributed 

·to the higher temperature. Although we believe that these calculations are 

reasonably accurate, they point out the necessity of measuring fundamental thermo-

dynamic quantities. 
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Recommendations 

1. Thermodynamic properties of molten carbonate solutions at the operating 

temperature of fuel cells must be measured and compiled. This can be 

accomplished by solubility measurements of sparingly soluble salts and by 

electrochemical potential measurements of various half-cell reactions. 

2. A better model, to describe the molten salts as a solvent system, must be 

developed to employ in compiling the data. The model should be capable 

of describing s6lvatio~ energi~s as w~ll as Stttitttit~. 

3. Effects of trace contaminants on fuel cell performance must be studied 

experimentally by both electrochemical and surface spectroscopic techniques. 

The results can then be compared with theoretical predictions obtained 

from the model. 

4. These studies must be expanded to include all the contaminant elements 

that are usually detected in the coal gas. 
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Ions 

Sn2+ 

Sn4 + 

Cd 2+ 

H 2+b 
&2 

Hg2+ 

Pb 2+ 

K+ 

H+ 

CQ 

g2 

SO 2-c 3 

so42 

CQ32 
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TABLE 1 

Free Energies of Various Ions 
kcal/mole 

b.G0 b.Gt . b.G 0 

f (MoltenfSalt)a (Ag,. Soln.) 

-6.457 4.97 1.48 

0.60 35.18 35.78 

-18.542 6.39 -12.15 

36.70 3.13 39.83 

39.30 5.95 45.25 

-5.83 5.17 -0.66 

-:-67.451 1.10 -66.35 

0.00 -8.43 -8.43 

-31.372 0.84 -30.53 

20.5 3.30 23.8 

-116.3 2.6 -113.7. 

-177.97 2.64 -175.33 

-126.17 3.28 -122.89 

a. 

b. 

Equimolar mixture of Li 2C03 and Na 2C0 3 at 823 K. 

+ An ionic radius twice that of Hg was assumed. 

c. The same ionic radius as that of 8042 was assumed. 
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TABLE 2 

Free Energies of 
Formation at 800 Ka 

Compounds 6G£, kcal/mole 

H20(g) -48.646 

C0 2 (g) -94.556 

S(g) 40.171 

H2S(g) -12.183 

S02 (g) -72.574 

CO(g) -43.612 

HC.£(g) -23.774 

CdS(s) -37.4t 

HgS(s) -1. 2d 

Pbs(s) -22.202 

Ti0 2 (s) -189.311 

Ag 2S04(s) -127.9d 

NiS(s) -19.706 

CdO(s) -35.5d 

NiO(s) -34.0 

PbO(s) -33.281 

HgU(s) 2.34/ 

NiC.£ 2 (.£) -58.9e 

SnO(s) -44.5 

SnC.£ 2 (.£) -60.5e 

Sn02 (s) -93.3d 
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a. The state of compounds is indicated in parenthesis. 

b. All data are taken from the JANAF tables 14 , unless 

otherwise indicated. 

c. Taken from NBS Technical Note 270-3. Value at 298 K. 

d. 

e. 

Estimated from the C value given in NBS Technical Notes. 
p 

Estimated from the electrode potential of Ni 2+/Ni(O) pair 

and corrected 6Gf 0 of CQ- in melts (Table 1). 
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TABLE 3 

Comparisons of Calculated and Measured 
Electrode Potentials 

Equimolar L'i 2C0 3/Na 2C03 at 550°C 

E0 -Values, V vs. 
Reactions Calculated Measureda 

+ 2H (Q) + 2e = H2(g) -0.365 -0.401 

2C0 2(g) + 0 2(g) + 4e = 2C032-(Q) 0.614 0.579 

2C0 2(g) + 2e = CO(g) + C032-(Q) -0.490 -0.514 

Ag 2S04 (s) + 2e = 2Ag(s) + S04
2-(Q) 1.029 1.049 

a. Ref. 13. 

NHE 
Error 1 mV 

36 

35 

24 

-20 



Elements 

Tin 

Cadmium 

Mercury 

Lead 

Sulfur 

Chlorine 

Titanium 
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TABLE 4 

Calculated Electrode Potentials in Molten Salts 
Anodic Reactions 

Reactions 

+ Sn 2 + 2e = Sn(s) 
+ Sn4 + 4e = Sn(~) 

Sn4 + + 2e = Sn2 

Sn4 + + CQ 2 (g) +4e = SnCQ 2 (Q) 

Cd 2 + + S(g) + 2e = CdS(s) + - + 
Cd 2 + S0 3

2 _ + 6H+ + 6e = CdS(s) + 3H 20(g) 
Cd 2+ + S04

2 + BH + Be = CdS(s) + 4H20(g) 

+ Hg 2 + 2e = Hg(g) 
Hg 2 + + 2e = 2Hg(g) 
Hg 2 : + S(g)_+ 2e + HgS(s) 
Hg 2 + + S03

2 _ + 6H+ + 6e = HgS(s) + 3H 20(g) 
Hg 2 + S0 4

2 + BH + Be = HgS(s) + 4H 20(g) 

Pb 2 + + S(g)_+ 2e + PbS(s) 
Pb 2 + + S0 3

2 _ + 6H+ + 6e = PbS(s) + 3H20(g) 
Pb 2 + + S04

2 + BH + Be = PbS(s) + 4H 20(g) 

+ S(g) + 2H ++ 2e = H2S(g) 
S0 3

2 = + BH ++ 6e = H2S(g) + 3H20(g) 
S04

2 _ + 10~ +Be= H2S(g) + 4H20(g) 
S0 4

2 _ + 4H+ + 2e = S0 2 (g) + 2H 20(g) 
S0 3

2 _ + 6H+ + 4e = S(g) + 3H 20(g) 
S04

2 _ + BH+ + 6e = S(g)_+ 4H20(g) 
S04

2 + 2H + 2e = S0 3
2 + H20(g) 

No further oxidation of Ti02 • 

E0 V vs. NHE 

-0.032 
0.3B9 
O.BOB 
1.066 

1.41B 
0.050 

-0.124 

1.055 
0.864 
l.B7B 
0.203 

-0.009 

1.294 
0.023 

-0. 144 

0. 770 
-0.166 
-0.2B6 
-0.907 
-O.B17 
-0.639 
.,.Q. 6lt7 

1.324 
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Tin 

Cadmium 

Mercury 

Lead 

Titanium 
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TABLE 5 

Calculated Electrode Potentials in Molten 
Salts -- Cathodic Reactions 

Reactions Eo 
' 

+ Sn2 + 2e = Sn(s) + Sn4 + 4e = Sn(~) 
Sn4+ + 2e = Sn 2 

CdS(s) + 2e = Cd(s) + S2 

HgS(s) + 2e = Hg(Q) + S2 

PbS(s) + 2e = Pb(s) + S2 

. + T1.02(s) + 4H + 4e = Ti(s) + 2H20(g) 

v vs. NHE 

-0.0.32 
0.388 
0.808 

-1.327 

-0.653 

-0.997 




