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EPRI PERSPECTIVE

PROJECT DESCRIPTION

Corrosion rates of metals in water correlate well with the stabilities of metal 
oxides. Potential pH diagrams indicate the regions of oxide thermodynamic stability 
as functions of solution pH and the electrochemical potential of the system. Dia­
grams of this type are not generally available for metal-water systems at elevated 
temperatures. The diagrams provide a useful guide to corrosion engineers for solv­
ing corrosion problems as they arise and for recommending situations to avoid where 
problems might arise.

Related EPRI projects are RP311; RP967; and other subprojects in RP1167, namely, 
RP1167-1, RP1167-3, and RP1167-4. Related reports are EPRI Final Reports NP-2177, 
NP-2298, and NP-2400.

PROJECT OBJECTIVE

The objective of RP1167-2 was to generate potential pH (Pourbaix) diagrams for high- 
temperature metal-water systems.

PROJECT RESULTS

Potential pH diagrams for many metal-water systems were obtained at temperatures up 
to 300°C. These diagrams are complementary to those presented in EPRI NP-2298 in 
that different metal-water systems were studied in most cases or higher temperatures 
were used.

Application of the diagrams to several nuclear corrosion problems illustrates one 
potential use. In general the potential pH diagrams can serve as guides to the cor­
rosion engineer to help devise mechanisms to describe the corrosion processes. Un­
fortunately the information is still limited, so that mechanisms evolved are only 
possibilities, and detailed testing is needed to establish their validity.

A computer program to generate potential pH diagrams is one of the valuable results 
of the project. Part of this final report presents a user's guide to the program. 
Copies of the program, named POT-pH-TEMP, will be available through the EPRI Soft­
ware Center.

This report has been divided into three volumes, which are of interest to several 
kinds of readers. Volume 1, the executive summary, gives an overview including a 
discussion of the uses of potential pH diagrams for the general technical reader. 
Volume 2, a handbook of diagrams, discusses the many potential pH diagrams generated 
on the project for use by corrosion engineers. Volume 3, a user's guide to POT-pH- 
TEMP, gives the program details for people interested in generating their own 
diagrams for special cases.

iii



The diagrams represent the available thermodynamic information concerning common 
metals in contact with corrosive water environments. This data base is still in 
need of improvement for high temperatures, and thus, the diagrams are subject to 
change.

D. Cubicciotti, Project Manager 
T. 0. Passell, Project Manager 
Nuclear Power Division



ABSTRACT

This final report summarizes the results of a program to devise a general computer 
method of estimating potential-pH diagrams for metals in water at temperatures from 
250C to 300°C. The computer program uses literature data for room temperature and 
either literature data where available or standard estimation procedures, especially 
for ions in solution, to calculate relative thermodynamic stabilities of the various 
possible compounds of an element at temepratures up to 300°C. The program identi­
fies the regions in which various phases are stable and presents the stability 
fields in a potential-pH diagram for a metal in water. In addition to the compu­
ter program itself, the report presents numerous potential-pH diagrams for specific 
elements in water are various temperatures.
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SUMMARY OF ALL THREE VOLUMES

This is the final report for EPRI Contract RPn67-2, The objective of this project 
was to develop a computerized program for generating potential-pH (Pourbaix) diagrams 
for metal-water systems at elevated temperatures. The project was a follow on to 
Project RP967-1, which generated diagrams for systems up to 200°C and presented the 
results in the Final Report, EPRI NP-2298. In the present project the same method­
ology was applied, but extended to higher temperatures, namely up to 300°C. Also 
many other metal systems were treated.

The report consists of three volumes, namely,

Volume 1 - Executive Summary 

Volume 2 - Handbook of Diagrams

Volume 3 - Users Guide to Computer Program - POT-pH-TEMP

Volume 1 presents an overview of the entire report. This volume presents a sim­
plified explanation of the complicated chemistry and mathematics (thermodynamics) 
needed to develop diagrams for diagnosing or predicting corrosion problems in 
aqueous systems. Examples are given for the power industry, where the diagrams are 
used to explain why certain corrosion phenomena have occurred or might occur. These 
diagrams can readily be used in other industries where corrosion is also a concern.

Volume 2 gives the results of the computer calculations in the form of binary, 
potential-pH diagrams at 25°, 100°, 200°, 250° and 300°C for 10 elements in water:
S, Fe, Ni, Cr, C, B, N, Cu, Ti and Zr. In addition, ternary diagrams are presented 
for Fe-H?0 from room temperature to 200°C and for Ni-H?0 from room temperature up 
to 300°c:

A computer program was developed for calculating, at any temperature from 25° to 
300°C, the electrode potentials of a variety of compounds as a function of pH.
The program delineates and graphs the predominant areas of chemical and ionic 
species. The free energies of formation of the compounds are from standard litera­
ture sources. The partial molar quantities of ionic species in aqueous solutions 
at room temperature are usually from National Bureau of Standards (NBS) Technical 
Notes, and those at high temperatures are determined by the Criss-Cobble corres­
pondence principle.

The resulting diagrams consist of lines corresponding to both homogeneous and 
heterogeneous reactions, where the homogeneous reactions are shown as broken lines 
and heterogeneous reactions as solid lines. A broken line separates the areas of 
stability of two ions and expresses the conditions under which the activities of 
the two dissolved species are equal. A solid line represents equilibrium between 
two solid species or a solid and a dissolved species. The values assumed for the 
activities or fugacities of all gaseous, liquid, solid or dissolved species are 
shown in each diagram title. In each diagram, two additional broken lines are 
drawn to delineate the conditions for oxygen and hydrogen formation from water for 
one atmosphere of gas. For each system a discussion of the relevant chemistry is 
presented.
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Volume 3 is a Users Guide for the computer program. The basic principles are 
presented in the first three sections of this volume. The fourth section gives the 
steps involved for entering data into the program and running it. The subsequent 
section gives six specific examples of input and output data to assist in running 
the program.
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Section 1

INTRODUCTION

This volume presents the simple, binary, potential-pH diagrams at 25°, 100°, 200°, 

250° and 300°C for 10 elements in water: S, Fe, Ni, Cr, C, B, N, Cu, Ti and Zr. In 

addition, ternary diagrams are presented for Fe-I^O from room temperature to 200°C 

and for Ni-I^O from room temperature up to SOO'C. Volume III presents a description 

of the computer program and User's Manual, while Volume IV is a list of the source 

program. Volume I of this report is a summary of the entire project, and it gives a 

few examples of how potential-pH diagrams can be used to obtain information 

concerning corrosion problems or water chemistry.

Section 2 of this volume summarizes the results of the diagrams, and Section 3 is an 

explanation of some of the details of each set of diagrams. Section 4 lists the 

thermodynamic data and the equilibrium reactions to delineate the diagrams, and 

Section 5 presents the diagrams.

A computer program was developed for calculating, at any temperature from 25° to 

300°C, the electrode potentials of a variety of compounds as a function of pH. The 

program delineates and graphs the predominant areas of chemical and ionic species. 

The free energies of formation of the compounds are from standard literature 

sources. The partial molar quantities of ionic species in aqueous solutions at room 

temperature are usually from National Bureau of Standards (NBS) technical notes, and 

those at high temperatures are determined by the Criss-Cobble correspondence 

principle. For details of the computer program and estimating methods, see Volumes 

III and IV.

The resulting diagrams consist of lines corresponding to both homogeneous and 

heterogeneous reactions, where the homogeneous reactions are shown as broken lines 

and heterogeneous reactions as solid lines. A broken line separates the areas of 

stability of two ions and expresses the conditions under which the activities of the 

two dissolved species are equal. A solid line represents equilibrium between two 

solid species or a solid and a dissolved species. The values assumed for the
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activities or fugacities of all gaseous, liquid, solid or dissolved species are 

shown in each diagram title. In each diagram, two additional broken lines are drawn 

at a hydrogen or oxygen pressure of one atmosphere for the following reactions:

H,2
= 2H+ + 2e (line a)

2H20 = 02 + 4H+ + 4e (line b)

The electrochemical potential of each electrochemical reaction in the diagram is 

referred to the universal convention, for which the potential of the standard 

hydrogen reference electrode is assumed to be zero at the temperature of 

measurements.

A complete discussion of potential-pH diagrams for water systems is given in the 

book by Pourbaix (!_), which provides a careful assessment of the diagrams for all 

element-water systems at 25°C.
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Section 2

RESULTS

s-h2o SYSTEM

The thermodynamic data used for the diagram of a S-I^O system are shown in

Table 1-a. One solid and/or one liquid species (S), three gaseous species (SO, SO,
2- - 2- 2-2- <- 

and SO^) and eleven dissolved species (S , HS , S2O3 , S204 , SOg , HSOg ,
HSO^", HgSOg, HgSO^ and H^S) are considered, and the reactions that delineate areas

of the diagrams are shown in Table 1-b. The diagrams are shown in Figure 1-a, b, c,

d, and e for temperatures of 25°, 100°, 200°, 300° and 250°C, respectively. Each

diagram contains two additional broken lines ("a and b") for the hydrogen and oxygen

reactions respectively, whose thermodynamic data are shown in Table 1-c.

Fe-HgO SYSTEM

The thermodynamic data used to construct the diagrams for the Fe-H20 system are

shown in Table 2-a. Four solid species (Fe, FeO, Fe,0. and Fe,0,) and six dissolved
2+3+ 2+ 2- _ ^ ^ ^ ^

species (Fe , Fe , Fe(OH) , FeO^ and HFe02 ) are considered, and the reactions

that delineate areas of the diagrams are shown in Table 2-b. The resulting diagrams

are shown in Figures 2-a, b, c, d and e for temperatures of 25°, 100°, 200°, 300°

and 250°C, respectively. The diagrams generally agree well with those published

previously (i.»2,3_.£>5_.6). Figures 2-f, g, h and i show those diagrams presented by

Townsend (2^,3) for temperatures of 25°, 60°, 100° and 200°C. Note that the species

of Fe(OH) (aq), Fe(0H)2 (aq) and FeO^ (aq) were not taken into consideration,
and the entropy value of HFe02” (aq) was taken as 10 +5 e.u. at room temperature.

Fe-S-H20 SYSTEM

The thermodynamic data used to construct the diagrams for the Fe-S-H20 system are 

shown in Tables 1-a and 2-a. For the iron sulfide compounds, four solid species 

(FeS(a), FeS(/l), FeS2 and FeSO^) are considered, and the reactions that delineate 

areas of the diagrams are shown in Table 2-b. The diagrams are shown in Figure 3-a, 

b, c, d and e for temperatures of 25°, 100°, 200°, 300° and 250°C, respectively.

The resulting diagrams generally agree with those published by Biernat and
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Robins (_7) and are shown in Figure 3-f, g, h and i for temperatures of 25°, 100°, 

200° and 300°C. For comparison, it should be noted that in Biernat and Robins' 
paper, the additional species of Fe(0H)2+ (aq), Fe2(0H)24+ (aq), Fe(OH),, (c),

Fe(0H)g (c) and FeOOH (c) are considered and that the electrode potential referred 

to is the "alternate" convention. Furthermore, the activity of all dissolved 

species in Reference 7 was assumed to be unity.

Fe-Cl"-H20 SYSTEM

The thermodynamic data used to construct the diagrams for the Fe-Cl”-H20 system are 

shown in Table 2-a. For the chloride compounds two solid species (FeCl, and FeCl,)
- 2+ C. O

and two dissolved species (Cl and FeCl ) are considered, and the reactions that 

delineate areas of the diagrams are shown in Table 2-b. The diagrams are shown in 

Figure 4-a, b, c, d and e for temperatures of 25°, 100°, 200°, 300° and 250°C, 

respectively.

Ni-H20 SYSTEM

The thermodynamic data used to construct the diagrams for the Ni-H20 system are 

shown in Table 3-a. Five solid species (Ni, NiO, NijO^, Ni20g and Ni02) and two 
dissolved species (Ni^+ and HNi02") are considered, and the reactions that delineate 

areas of the diagrams are shown in Table 3-b. The diagrams are shown in Figure 5-a, 

b, c, d and e for temperatures of 25°, 100°, 200°, 300° and 250°C, respectively.

Ni-S-H20 SYSTEM

The thermodynamic data used to construct the diagrams for the Ni-S-H20 system are 

shown in Tables 1-a. and 3-a. For the nickel sulfide compounds, three solid species 

(NiS, NigS2 and NiSO^) are considered, and the reactions that delineate areas of the 

diagrams are shown in Table 3-b. The diagrams are shown in Figure 6-a, b, c, d and 

e for temperatures of 25°, 100°, 200°, 300° and 250oC, respectively.

Ni-Cl'-H20 SYSTEM

The thermodynamic data used to construct the diagrams for the Ni-Cl”-H20 system are 

shown in Table 3-a. For the chloride compounds, one solid species (NiCl2) and one 

dissolved species (Cl-) are considered, and the reactions that delineate areas of 

the diagrams are shown in Table 3-b. The diagrams are shown in Figure 7-a, b, c, d 

and e for temperatures of 25°, 100°, 200°, 300° and 250°C, respectively.
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Cr-H20 SYSTEM

The thermodynamic data used to construct the diagrams for the Cr-H^O system are

shown in Table 4-a. Five solid species (Cr, CrO, Cr^CL, Cr(OH)- and CrO„) and nine
2+ 3+ 2- 2- - ^ 3- ^ 2+ ^ +

dissolved species (Cr , Cr , CrO^ , 5 Cr02 , CrOg , Cr(OH) , Cr(0H)2
and HCrO^”) are taken into consideration, and the reactions that delineate areas of

the diagrams are shown in Table 4-b. The diagrams are shown in Figure 8-a, b, c, d

and e for temperatures of 25°, 100°, 200°, 300° and 250°C, respectively.

c-h2o SYSTEM

The thermodynamic data used to construct the diagrams for the C-H20 system are shown

in Table 5-a. One solid species (C), three gaseous species (CH., CO and C09) and
- 2- - 2- ^ ^

nine dissolved species (HC02 , HC20^ , C,^ , HCOg , COg , H2C02, H2C0g, CHgOH and

HCHO) are considered, and the reactions that delineate areas of the diagrams are 

shown in Table 5-b. The diagrams are shown in Figure 9-a, b, c, d and e for temp­

eratures of 25°, 100°, 200°, 300° and 250°C, respectively.

r-h2o SYSTEM

The thermodynamic data used to construct the diagram for the B-H20 system are shown 

in Table 6-a. Three solid species (BjqH^, B and B20g), two liguid species (B^qH14 
and BgHg), 10 gaseous species (B^qB^* BgHg, BgHg, BH, BH2, BHg, BO, B02, B20 and 
B202) and four dissolved species (H2B0g-, HBOg ", BOg^ and HgBOg are considered, 

and the reactions that delineate areas of the diagrams are shown in Table 6-b. The 

diagrams are shown in Figure 10-a, b, c, d and e for temperatures of 25°, 100°,

200°, 300° and 250°C, respectively. When boron hydrides are not taken into consid­

eration, the diagram is as shown in Figure 10-f for 250°C.

n-h2o SYSTEM

The thermodynamic data used to construct the diagrams for the N-HgO system are shown 

in Table 7-a. One liquid species (N2H4), 15 gaseous species (N2, N20, NO, NgOg,

N02, N204, N^05, NOg, HNOg, NHg, NH, NH2, HNOg, N and N2H4) and six dissolved 

species (NH4 , NH40H, N02", NOg”, HNOg and HNOg) are considered, and the reactions 

that delineate areas of the diagrams are shown in Table 7-b. The diagrams are shown 

in Figure 11-a, b, c, d and e for temperatures of 25°, 100°, 200°, 300° and 250°C, 

respectively.
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Cu-H20 system

The thermodynamic data used to construct the diagrams for the Cu-^O system are

shown in Table 8-a. Four solid species (Cu, Cu90, CuO, Cu(0H)_) and four dissolved
+ 2+ - 2- ^ ^ 

species (Cu , CU , HCuOj, and Cu02 ) are considered, and the reactions that

delineate areas of the diagrams are shown in Table 8-b. The diagrams are shown in
Figure 12-a, b, c, d and e for temperatures of 25°, 100°, 200°, 300° and 250°C,

respectively.

Cu-S-H20 SYSTEM

The thermodynamic data used to construct the diagram for the Cu-S-H20 system are 

shown in Tables 1-a and 8-a. For the copper sulfide compounds, 10 solid species 

(CuS, Cu2S(a), Cu2S(/}), CuS04, Cu0-CuS04, CuS04*H20, CuS04*3H20, CuS04‘5H20, 

CuS04*2Cu(0H)2, CuS04-3Cu(0H)2) are considered, and the reactions that delineate 

areas of the diagrams are shown in Table 8-b. The diagrams are shown in Figure 

13-a, b, c, d and e for temperatures of 25°, 100°, 200°, 300° and 250°C, respec­

tively. For comparison, the diagrams published by Kwok and Robins (8J are shown in 

Figure 13-f, g and h for temperatures of 25°, 100°, 200°C, respectively. Here, it 

should be noted the unit activity is assumed for all species considered, and the 

electrode potential is based on the "alternate" convention. The "alternate" 

convention assumes that the standard hydrogen reference electrode is a function of 

temperature and is zero only at room temperature (that is, 298°K).

Ti-H20 SYSTEM

The thermodynamic data used to construct the diagrams for the Ti-H20 system are 

shown in Table 9-a. Nine solid species (Ti, TiO, Ti203(a), Ti203(/3),
TisOgf/g), Ti02(ru.) Ti02(an.) and TiH2) and three dissolved species (Ti^ , Ti^+ and 

HTiO-j") are considered, and the reactions that delineate areas of the diagrams are 

shown in Table 9-b. The diagrams are shown in Figure 14-a, b, c, d and e for 

temperatures of 25°, 100°, 200°, 300° and 250oC, respectively. When TiH2(c) is not 

taken into consideration, the diagram is as shown in Figure 14-f for 250oC.

Ti-F"-H20 SYSTEM

The thermodynamic data used to construct the diagrams for the Ti-F"-H20 system are 

shown in Table 9-a. For the fluoride compounds, two solid species (TiF3 and TiF^), 

three gaseous species (F2, TiF2 and TiF4) and two dissolved species (F- and TiFg )
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are considered, and the reactions that delineate areas of the diagrams are listed in 

Table 9-b. The diagrams are shown in Figure 15-a, b, c, d and e for temperatures of 

25°, 100°, 200°, 300° and 250°C, respectively. When Tih^ic) is not taken into 

consideration, the diagram is as shown in Figure 15-f for 250°C.

Zr-H20 SYSTEM

The thermodynamic data used to construct the diagrams for the Zr-H20 system are 

shown in Table 10-a. Three solid species (Zr, Zr(OH). and ZrH„) and three dissolved
4+ 2+ - ^ c

species (Zr , Zr02 and HZrO^ ) are considered, and the reactions that delineate 

areas of the diagrams are shown in Table 10-b. The diagrams are shown in Figure 

16-a, b, c, d and e for temperatures of 25°, 100°, 200°, 300° and 250°C, 

respectively. When ZrH2(c) is not taken into consideration, the diagram is as shown 

in Figure 16-f for 250°C.

TERNARY DIAGRAMS FOR Fe-H20 AND Ni-H20 SYSTEMS

The two-dimensional potential-pH diagrams calculated thus far for various tempera­

tures in a certain system can be succinctly summarized in a ternary potential-pH 

temperature diagram. Figure 17 shows a ternary diagram for a Fe-H20 system from 

room temperature to 200<>C; Figure 18 shows a ternary diagram for a Ni-H20 system 

from room temperature up to 300°C. Although the ternary diagrams seem complicated, 

trends in the stability regions can be discerned readily after careful examination.
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Section 3

DISCUSSION OF DIAGRAMS

SULFUR SYSTEM

o~
Sulfur (Figure 1) has an oxidation number of +2 in sulfides (H9S, HS", S ) and

^ 2- 2- 2-

forms polysulfides, whose average oxidation number is negative ($2 , Sg , S^ ). 

The oxidation number of sulfur oxides (SO, SOg, SOg), thiosulfate, dithionite and
sulfate ions range from +2 to +6. At room temperature, only H?S, HS , S^ , S(c),

- 2- ^

HSO^ and SO^ are stable enough to appear in the diagram. The stability domain of

solid sulfur is a narrow triangle that lies within the stability region of water and
2-extends from the acid to the neutral region. H^S, HS and S are stable in 

reducing conditions and can be oxidized to solid sulfur or sulfate ions.

When the temperature is increased, the solid sulfur becomes liquid and the stability 

area is reduced. Sulfur dioxide and thiosulfate ions become stable at high tempera­

tures: the former in acidic solutions; the latter in near-neutral solutions.

IRON SYSTEMS

Iron and low-alloy steels (Figures 2, 3 and 4) are the primary metals of industrial

concern and are very susceptible to corrosion in aqueous solutions. The important
oxidation numbers are +2(Fe^+), +3(Fe^+), +4(FeO,^") and +6(FeO.^-). Six dissolved 

2+ 3+ — o+ + ^ 2— ^
species (Fe , Fe , HFeOg , FeOH , FefOHjg and FeO^ ) and three solid substances

(Fe, FegO^ and FegOg) show thermodynamic stability and appear in the diagram.

Iron is considered a base metal since its domain lies in the region where water is 

unstable. Therefore, iron will corrode to ferrous ions with the evolution of 

hydrogen in acid solutions. The reaction will be abated when the pH of the solution 

increases and will almost cease at a pH of about 10, where iron becomes covered with 

a film of magnetite. In alkaline solutions, with the pH above 14, iron corrodes 

again to HFeO^" ions.
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Under oxidizing conditions, magnetite (Fe304) and hematite (Fe203) can form on the

surface and passivate the iron, except in very low or very high pH solutions, where

iron passivation is impossible. When the electrode potential is above the passiva-
2_

tion region, iron becomes transpassive and corrodes to FeO^ . When the temperature 

is increased, the corrosion region of HFe02~ expands and the passivation region 

contracts.

In the iron-sulfur system, iron dissolves to ferrous ions in acid solutions and 

forms iron monosulfide in weak acid, neutral and weak alkaline solutions. In 

alkaline solutions, iron again dissolves to HFe02" ions. When the electrode 

potential of iron is increased in the noble direction, the ferrous ion and 

monosulfide react to form iron disulfide, while the dihypoferrite ion is oxidized to 

either magnetite or hematite (depending on pH). Further oxidation changes the 

disulfide to sulfate or bisulfate ions in acid solutions, and to hematite or 

magnetite in neutral and weak alkaline solutions. Iron monosulfide and disulfide 

are stable from acid solutions to alkaline solutions, and the stability areas 

replace most of the Fe30^ area; magnetite (Fe30^) is stable only in a narrow 

triangular strip in weak alkaline solutions. In strong alkaline solutions, the 

monosulfide or disulfide are not stable, and Fe30^ is in its usual stability area.

Although the diagrams show that Fe203 can be formed on the metal surface under 

strong oxidizing conditions and protect iron from corrosion in neutral solutions, 

the incompatibility between Fe$2 and Fe203 prevents growth of an adhesive Fe203 
layer. The Fe203 outer layer would exfoliate from the FeS2 sublayer because of the 

stress and strain at the interface when the oxide grows to a certain thickness. The 

presence of solid iron sulfides instead of soluble iron in part of the acid 

corrosion region would suggest that hydrogen sulfide addition to acid solutions 

might retard corrosion by passivation. Since the iron sulfides are good ionic 

conductors, however, they offer little protection against corrosion, particularly at 

high temperatures, where the diffusion coefficient of ions is considerable. When 

the temperature is increased, the stability area of the HFe02" ion expands and those 

of the sulfides and oxides contract.

In modern power boilers, chloride ion is the most aggravating agent for acid attack. 

Chloride ion ingress is often due to condenser leak of sea-water-cooled units. If 

this occurs, the acidity is increased locally, particularly in crevices and on heat 

transfer surfaces, and local attack due to wastage or pitting results. In the iron- 

chloride system, dissolved FeCl and solid FeCl2 show thermodynamic stability areas 

in the diagrams. Both species are stable only in acid solutions: the former is
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found around the oxygen evolution line; the latter is around the hydrogen evolution

line. As the temperature is increased, the stability area of solid FeCl„ expands.
2+ ^

Conversely, the area of dissolved FeCl contracts and disappears at around 200°C 

and then reappears in the 250°C diagram. Of course, the reactions that delineate 

this area are different in the two cases.

NICKEL SYSTEMS

The oxidation number of nickel and its compounds range from 0 to +6. The more
2+important oxidation states are +2 (Ni , NiO and HNi^ ), +3 (Ni^Og) and +4 (NiOg).

Nickel is considered a slightly noble metal, since its stability domain has a small 

zone in common with the water stability area and thus cannot reduce water. There­

fore, it is distinctly more noble than iron, which -- as noted previously -- has no 

zone of stability in common with that of water. Although this common zone is small 

in the stability diagram, a nickel electrode will behave as a reversible hydrogen 

electrode similar to a platinized platinum within a restricted pH range, depending 

on the temperature (9L Therefore, in some research laboratories, including ours, 

the more economical nickel electrode is sometimes used as a hydrogen reference 

electrode instead of the expensive platinum electrode.

2+Nickel will dissolve to Ni ions in acid solutions and becomes covered by insoluble

NiO in neutral solutions. In alkaline solutions, nickel dissolves again to HNiO ”
2+ ^ 

ions. With oxidizing conditions, Ni ion will be oxidized to Ni^ or Ni203 in

weak acid solutions and to Ni02 in strong acid solutions. The NiO and HNi02" ion

will be oxidized to NijO^ in neutral and alkaline solutions, respectively.

As the temperature is increased, the stability domain of HNi02" ion expands and the 

area of stability of the oxides shifts to the more acid side of the diagram.

2+In the nickel-sulfur system, nickel dissolves to Ni ions in acid solutions and

forms nickel disulfide in weak acid, neutral, and alkaline solutions. In very strong

alkaline solutions, nickel will dissolve as HNiO,- ions. When the electrode
2+

potential of nickel is raised in the noble direction, Ni3$2 dissolves to Ni ions 

in acid solutions and sulfurizes to NiS in weak acid, neutral, and weak alkaline 

solutions. In stronger alkaline solutions the Ni3S2 is oxidized to HNi02 ions.
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2+Upon further oxidation, the monosulfide will be dissolved to Ni ions in the acid 

corrosion region and will be converted to Ni^ again in the neutral and weak 

alkaline solutions to produce sulfate ions. The reaction sequence is as follows:

3Ni + 2S2" = Ni3S2 + 4e

Ni3S2 + S2" = 3NiS + 2e

3NiS + 4H20 = Ni3$2 + S042" + 8H+ + 6e

2+The nickel disulfide can then be oxidized to Ni ion, NiO or HNi02 ions, depending 

on the pH of the solution. In the acidic corrosion region, there is a stability 

area of solid nickel sulfate for the 25°C diagram. When the electrode potential is 

further enhanced in the noble direction, a nickel electrode will behave as it would 

in a solution without sulfides and will thus be oxidized to nickel oxides.

The stability area of sulfides replaces a large part of the nickel stability domain. 

Although the nickel disulfide can be converted to NiO in neutral solutions, passiva­

tion cannot be attained because of incompatibility between the oxide and sulfide.

When the temperature is increased, the stability area of the HNi02" ion expands, 

while those of the sulfides contract. The stability area of the solid sulfate 

disappears totally from the diagrams at high temperatures.

In the nickel-chloride system, the diagram is the same as that of a solution without 

chloride ion addition, except that a stability area of solid nickel chloride appears 

in the acidic corrosion region. This area expands with increasing temperature.

CHROMIUM SYSTEM

2+ 3+The important oxidation states of chromium are +2 (Cr , CrO), +3 (Cr , Cr203), +4
(Cr02) and +6 (CrO^2-). Chromium is a very base metal, and its stability domain

lies considerably below that of the hydrogen evolution line. In acid solutions,
2+chromium dissolves to Cr ions, and it tends to become covered with chromic oxide

or hydroxide in neutral and weak alkaline solutions. In stronger alkaline
3- - 2+solutions, it dissolves to CrO-. and Cr09 ions. When oxidized, Cr ions change

3+ ^ ^ - 2-
to Cr ions, which can be further oxidized to HCrO^ or Cr20y ions in acid
solutions; chromic oxide or hydroxide, Cr02_ and Cr03" ions can be oxidized to
CrO^2" ion.
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When the temperature is increased, the stability region for chromic oxide or 
hydroxide contracts, while the stability region for CriOH^, CrC^- and CrOg" ions 

expands. When the temperature is greater than about 250°C, CrO becomes stable, and 

chromium will be oxidized to CrO first and then to Cr(0H)g and/or C^Og.

CARBON SYSTEM

The oxidation states for carbon range from -4 to +4. The more important oxidation 

states are -4 (CH^), -2(CHgOH), 0 (HCHO), +2 (HCOOH) and +4 (CO^). At room tempera­
ture, only H2C0g, C02(g), CHgOH, CH4(g), HCOg", COg2" and C(c) are stable. The 

stability domain of solid carbon is a narrow strip and lies in the stability region 

of water, extending from the acid side to the weak alkaline region. Carbon can be 

reduced to CH^ig) and CHgOH and oxidized to COg and/or HgCOg in acid solutions, to 
HCOg ions in neutral solutions and to COg2- ions in alkaline solutions. When the 

temperature is increased, carbon becomes unstable; at 200°C, the stability area 

disappears completely from the diagram. Instead, the stability domain for formate 

ion (HCOg") emerges in alkaline solutions at high temperatures.

BORON SYSTEM

The oxidation number of boron ranges from -3 to +5. The more important oxidation

states are -3 (BgHg) and +3 (BgOg). Boron is a very base element, because its

stability area lies considerably below that of water. Actually boron in contact

with water is thermodynamically unstable and forms boron hydrides (BHg and BgHg) if

cathodically polarized. In the water stability zone, boron is oxidized to boric

oxide (BgOg) in acid solutions, to orthoboric acid (HgBOg) in neutral solutions, to
dihydrogen orthoborate ion (HgBOg2-) in weak alkaline solutions, to monohydrogen

orthoborate ion (HBO,-) in stronger alkaline solutions and to orthoborate ion 
3- J

(B0-, ) in very strong alkaline solutions. When the temperature is increased, the
J 3- 2-

stability areas of BgOg and BOg expand, while that of HBOg contracts. At temp­
erature higher than 150°C, HBOg2- ion becomes unstable and disappears completely 

from the diagram.

NITROGEN SYSTEM

Nitrogen forms compounds with all the oxidation states from -3 to 6. The more 

important oxidation states are -3 (NHg), -2 (NgH^), -1 (NH), 0(Ng), +1 (NgO), +2 

(NO), +3 (HNOg), +4 (NOg), +5 (HNOg) and +6 (NOg). The stability area of nitrogen 

extends over most of the stability region of water. Therefore, nitrogen is thermo­
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dynamically stable under ordinary conditions in aqueous solutions. However, 

nitrogen is thermodynamically unstable outside the water stability region. If an 

aqueous solution is polarized so that hydrogen evolves at the cathode and if 
nitrogen is bubbled over this cathode, the nitrogen gas can be changed to NH^+ ion 

in acidic and neutral solutions, to NH4(0H) in weak alkaline solutions and to NH3(g) 

in alkaline solutions. On the other hand, if an aqueous solution is polarized so 

that oxygen evolves at the anode, and if nitrogen is bubbled over this anode, then 

the nitrogen can be oxidized to HNO^ in acid solution and to NO^" ion in weak acid, 

neutral and alkaline solutions. At extremely high anodic conditions, the nitric 

acid and nitrate ion will be oxidized to NO^ig).

When the temperature is increased, the stability area of NH^+ ion contracts, while 

those of NH^(OH), NH^fg) and NO^ig) expand. When the temperature is beyond 250oC, 

the stability area for HN03(g) appears in the diagrams and expands with increasing 

temperature.

COPPER SYSTEM

The oxidation states of copper compounds are +1 (Cu ) and +2 (Cu ). The existence 

of the +3 oxidation state is shown by the formation of acid oxide salts (^Oj). 

However, these salts and the +3 ion are such powerful oxidizing agents that they are 

unstable in aqueous solutions.

Copper is a relatively noble metal and is stable in the lower part of the water

stability region. Copper will not corrode in deaerated water solutions free from
2+oxidizing agents, because the electrode potential of Cu/Cu is more noble than the 

H2/H hydrogen electrode. However, aerated solutions can cause copper to corrode in 

acid solutions and to oxidize in neutral and alkaline solutions.

2+With oxidizing conditions, copper dissolves to Cu ions in acid solutions, oxidizes
2-

to CU2O in neutral and alkaline solutions and dissolves to CuC^ ions in alkaline

solutions. When the potential is further increased in the noble direction,

will be converted to Cu(0H)„ and/or CuO in neutral and weak alkaline solutions and 
2- ^

dissolve to CuO? ions in alkaline solutions. When the temperature is increased,
+ - ^

Cu and HCuCL ions become stable and their stability areas expand with further 
^ + 

increases in temperature. At high temperatures, copper dissolves to Cu ions, which
2+will then oxidize to Cu ions in acid solutions. In weak alkaline solutions, 

copper is either oxidized to and then to HCuC^" ion, or it may be oxidized to 

HCuf^- ion directly.
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In the copper-sulfur system, copper is sulfurized to cuprous sulfide (Cu^S) first 

and then to cupric sulfide (CuS) in acid and neutral solutions. The sulfur of CuS 

will be further oxidized to sulfate ion; as a result, it will be converted back to 

C^S again. With further anodic polarization, hydrated solid copper sulfates 

precipitate in weak acid solution and CuSO^'SCufOHl^c) will be formed in neutral 

solutions. In alkaline solutions, copper is sulfurized to Cu^S, whose sulfur is 

then oxidized to sulfate ion. As a result, Cu^S is converted back to copper again. 

After these considerations, the polarization behavior behaves the same as that of 

the copper system. When the temperature is increased, the stability areas of copper 

sulfates and CuS0^’3Cu(0Hcontract and disappear completely from the diagrams 

at high temperatures.

TITANIUM SYSTEM

Titanium forms compounds of the +2, +3 and +4 oxidation states. Titanium is thermo­

dynamically a very active metal and tends to react with water to form titanium
2+hydride in the hydrogen stability region. Titanium hydride dissolves to Ti and/or 

3+Ti ions in strong acid solutions and forms an insoluble passive film (TiO^) in 

weak acid, neutral and alkaline solutions. Note that TiC>2 is stable over practic­

ally the whole water stability region, and it is this oxide that protects the active

metal from corrosion. At high temperatures, the titanium oxide becomes less stable,
and a narrow stability region for HTiO^- ions at high pH begins to appear in the

diagram at 150°C and thereafter expands considerably with increasing temperature.

When titanium hydride is not considered, the stability areas of TiO and Ti^Og appear 

in the diagram. However, they are stable only in the hydrogen stability region; 

again, only the TiC^ oxide is stable in the stability domain of water.

Although titanium is a very corrosion-resistant metal (due to formation of the TiC^ 

passive film), it is vulnerable to fluoride ion attack. In the titanium-fluoride 

system, titanium hydride is fluoridated to TiF^fc) in acid and neutral solutions and 

to TiC^ in neutral and alkaline solutions. Other than these considerations, the 

behavior is the same as that of the titanium system. When the potential is 

increased in the anodic direction, TiFg(c) is converted to TiFg ions or TiF^(c) in 

strong acid solutions and to Ti^ in weak acid and neutral solutions. The aggrava­

ting action of fluoride ions can be easily explained by observing that a portion of 

the passive Ti^ area in the acid region is replaced by TiF-jfc), which has no 

corrosion protection. Higher temperatures do not markedly change the diagrams; but 

the stability area of the fluorides expands gradually.
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ZIRCONIUM SYSTEM

The only important oxidation state of zirconium is +4 (ZrO^). Like titanium,

zirconium is a very active metal and tends to react with water to form zirconium
4+hydride in the hydrogen stability region. Zirconium hydride dissolves to Zr ions

2+in very strong acids, to ZrO ion in weaker acid solutions, to an insoluble oxide 

film (ZrO^) in very weak acid, neutral and weak alkaline solution, and corrodes to

HZrO,~ ions in alkaline solutions. When the temperature is increased, the stability
J 2+ 

area of HZrOg ion expands, and those of ZrC^'Z^CHc) and ZrO ions contract.
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Section 4

THERMODYNAMIC DATA AND REACTION EQUILIBRIA

Thermodynamic data and reaction equilibria for the diagrams are listed in this 

section. Although the computer program can calculate free-energy values contin­

uously from room temperature up to 300oC, the tables present only the entropy value 

at 25°C and free-energy values at 25°, 100°, 200°, 250° and 300°C. The code number 

for reaction in the tables refers to the appropriate line number in the diagram.

4-1



Table 1-a

FREE-ENERGY VALUES (cal/mole) FOR SULFUR AND ITS COMPOUNDS FROM 25° TO 300°C

Chemical
Species S*(25) Gf*(25) G°(100) G°(200) G”(250) G°(300) References

S(c,rh) 7.62 0 -620 -1,585 -2,120 -2,688 10,11

S(c,mo) 7.78 23 -622 -1,615 -2,163 -2,741 10,11

S(l) 8.444 93 -597 -1,745 -2,391 -3,079 11,12

SO(g) 53.02 -4,741 -8,782 -14,344 -17,189 -20,072 11,13,14

S02(g) 59.30 -71,748 -76,281 -82,564 -85,795 -89,080 11,13,14

S03(g) 61.34 -88,690 -93,402 -100,005 -103,432 -106,934 11,13,14

SZ'(aq) 6.5 20,500 20,518 22,219 23,815 26,237 14,15

HS'(aq) 20.0 2,880 1,886 2,261 3,194 4,962 14,15

S2O3 (aq) 39.0 -127,200 -129,641 -131,461 -131,668 -131,389 10,15

S2042'(aq) 32.0 -143,500 -145,287 -145,863 -145,257 -144,038 14,15

S04Z"(aq) 14.8 -177,970 -178,148 -175,670 -173,064 -169,537 14,15

S03Z'(aq) 3.0 -116,300 -115,375 -110,801 -106,824 -101,713 14,15

HS03'(aq) 38.4 -126,150 -129,187 -133,366 -135,670 -138,087 14,15

HS04‘(aq) 36.5 -180,690 -183,518 -187,223 -189,191 -191,208 14,15

H2SO3(flfl) 55.5 -128,560 -133,153 -140,294 -144,523 -149,117 14,16,17,18

3Q ) 4.8 -177,970 -178,688 -180,474 -181,928 -183,680 14,16,17,18

H2S(aq) 29.0 -6,660 -9,221 -12,222 -13,794 -15,252 7,14,19
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Table 1-b

REACTIONS AND THEIR CODE NUMBERS TO DELINEATE 
DIAGRAM OF S-H20 SYSTEM

1 Number Reaction

1 H2S(aq) « S(c) + 2H+ 2e

2 S(C,1) + 4H20 = S042" + 8H+ + 6e

3 HS' = S(C,1) + H+ + 2e

4 S(C,1) + 4H20 = HS04' + 7H+ + 6e

5 H2S + 4H20 = S042' + 10H+ + 8e

6 H2S = HS + H

7 H2S + 4H20 = HS04' + 9H+ + 8e

8 S2' + 4H20 + S042' + 8H+ + 8e 

- 2- +9 HS = S + H

10 HS' + 4H20 = S042' + 9H+ + 8e

11 HS04' = S042' + H+

12 2S(1) + 3H20 = S2032' + 6H+ + 4e

13 S2032" + 5H20 = 2S042' + 10H+ + 8e

14 S2032" + 5H2tl = 2HS04" + 8H+ + 8e

15 2HS" + 3H20 = S2032' + 8H+ + 8e

16 2H2S + 3H20 = S203'2 + 10H+ + 8e

17 2S2' + 3H20 = S2032' + 6H+ + 8e

18 S(l) + 2H20 = S02(g) + 4H+ 4e

19 S02(g) + 2H20 = HS04' + 3H+ + 2e

Table 1-c

FREE-ENERGY VALUES (cal/mole) FOR HYDROGEN
OXYGEN AMD THEIR COMPOUNDS FROM 25° TO 300*C

Chemical
Species S°(25) G0f(25) G ° (100) G*(200) G° (250) G*(300) References

H2(g) 31.208 0 -2,401 -5,761 -7,499 -9,270 13,20

02(g) 49.003 0 -3,737 -8,888 -11,524 -14,197 13,20

h2o(D 16.71 -56,687 -58,098 -60,396 -61,694 -63,078 13,20

H+(aq) -5.0 0 +104 -648 -1,468 -2,539 15,20,21

OH'(ao) 2.43 -37,594 -37,271 -35,170 -33,375 -30,755 15,20,21
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Table 2-a

FREE-ENERGY VALUES (cal/mole) FOR IRON 
SYSTEMS FROM 25° TO 300°C

Chemical
Species S"(25)

Fe(c) 6.52

FeO(c) 13.74

^e3^4^c^ 35.0

FegOjfc) 20.89

Fe2+(aq) -42.9

Fe^+(aq) -90.5

Fe(OH)2+(ao) -44.0

Fe(OH)2+(aq) -14.5

Fe042'(aq) 18.2

HFe02”(ao) 15

FeS(c,o) 14.41

FeS(c,/3) 16.4

FeS2(c) 12.65

FeS04(c) 28.909

Cl'(aq) 18.5

FeC12+(aq) -37.0

FeCl2(c) 28.19

FeCl,(c) 34.0

G*f(25) G'dOO)

0 -542

-58.590 -59,730

-242,700 -245,652

-177,400 -179,194

-18,850 -16,240

-1,100 4,850

-54,830 -52,143

-104,700 -104,083

-111,685 -112,181

-90,300 -90,768

-24,000 -25,200

-23,700 -25,093

-39,900 -40,983

-197,176 -199,579

-31,372 -32,254

-34,400 -32,204

-72,260 -74,536

-79.840 -82,596

G°(200) G°{250)

-1,411 -1,902

-61,544 -62,558

-250,515 -2 53,308

-182,233 -184,002

-14,706 -14,827

10,078 11,467

-50,523 -50,610

-104,752 -105,775

-110,307 -108,096

-89,100 -87,274

-27,152 -28,269

-27,338 -28,604

-42,801 -43,850

-203,541 -205,846

-31,731 -30,725

-31,128 -31,436

-78,007 -29,902

-86,854 -89,202

G*(300) References

-2,427 11,13,20

-63,634 11,13,20

-256,326 11,13,20

-185,924 11,13,20

-15,584 15,20,21

11,978 15,20,21

-51,337 15,20,21

-107,288 15,20,22

-84,749 2,15,20,23

-84,749 2,15,20,23

-29,478 11,13,20

-29,953 11,13,21

-44,983 11,13,20

-208,353 12

-28,884 15,20,21

-32,350 15,20,21

-81,890 13,20

-91,680 13,20
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Table 2-b

REACTIONS AND 
OF Fe-H20,

CODE NUMBERS TO DELINEATE DIAGRAM 
Fe-S-H20 AND Fe-CI-H20 SYSTEMS

Code Number Reaction

1 Pe2+ + 2H20 = HFe02‘ + 3H+

2 Fe3+ + H2n = Fe0H2+ + H+

3 FeOH2+ + H?0 = Fe(nH)?+ + H+

4 c 2+ c 3+ .Fe = Fe + e

5 Fe2+ + H20 = FeOH2+ + H+ + e

6 Fe2+ + 2H20 = Fe(OH)2+ + 2H+ + e

7 HFe02' + H+ = Fe(OH)2+ + e

8 HFe02‘ + 2H20 = Fe042' + 5H+ + 4e

9 Fe3+ + 4H20 = Fe042' + 8H+ + 3e

10 Fe0H2+ + 3H2f) = Fe042‘ + 7H+ + 3e

11 Fe(OH)2+ + 2H20 = Fe042' + 6H+ + 3e

12 Fe(c) + H20 = FeO(c) + 2H+ + 2e

13 3Fe(c) + 4H20 = Fe304(c) + 8H+ + 8e

14 2Fe(c) + 3H20 = Fe203(c) + 6H+ + 6e

15 3FeO(c) + H20 = Fe304(c) + 2H+ + 2e

16 2FeO(c) + H20 = Fe203(c) + 2H+ + 2e

17 2Fe304(c) + H20 = 3Fe203(c) + 2H+ + 2e

18 Fe2+ + H20 = FeO(c) + 2H+

19 FeO(c) + H20 = HFe02" + H+

20 2Fe3+ + 3H20 = Fe203(c) + 6H+

21 2FeOH2+ + H20 = Fe203(c) + 4H+

22 2Fe(0H)2+ = Fe203(c) + H20 + 2H+

23 Fe(c) = Fe2+ + 2e

24 Fe(c) + 2H20 + HFe02' + 3H+ + 2e

25 Fe(c) = Fe3+ + 3e

26 2Fe2+ + 4H20 = Fe304(c) + 8H+ + 2e

27 3HFe02‘ + H+ = Fe304(c) + 2H20 + 2e

28 2Fe2+ + 3H20 = Fe203(c) + 6H+ + 2e

29 2HFe02' - Fe203(c) + H20 + 2e

30 Fe203(c) + 5H20 = 2Fe042" + 10H+ + 6e

31 Fe2+ + 2H2S = FeS2(c) + 4H+ + 2e

32 Fe2+ + H2S = FeS(c) + 2H+

33 Fe(c) + H2S = FeS(c) + 2H+ + 2e
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Table 2-b (Contd.)

REACTIONS AND CODE NUMBERS TO DELINEATE DIAGRAM
OF Fe-H20, Fe-S-HgO AND Fe-Cl-HgO SYSTEMS

Code Number Reaction

34 FeS(c) + H2S = FeS2(c) + 2H+ + 2e

35 Fe(c) + HS' = FeS(c) + H+ + 2e

36 FeS(c) + HS' = FeS2(c) + H+ + 2e

37 Fe(c) + S2' * FeS(c) + 2e

38 FeS(c) + S2" ■= FeS2(c) + 2e

39 FeS(c) + 2H20 = HFe02' + S2' + 3H+

40 3FeS(c) + 4H20 = Fe304(c) + 3S2' + 8H+ 2e

41 Fe304(c) + 6S2' + 8H+ = 3FeS2(c) + 4H20 + 4e

42 FeS2(c) + 8H20 = Fe2+ + 2S042" + 16H+ + 14e

43 2FeS2(c) + 19H20 = Fe203(c) + 4S042' + 38H+ + 30e

44 3FeS2(c) + 28H20 = Fe3o4(c) + 6S042' + 56H+ + 44e

45 FeS2(c) = Fe2+ + 2S(c or 1) + 2e

46 FeS2(c) + 8H20 = Fe2+ + 2HS04' + 14H+ + 14e

47 2FeS2(c) + 19H20 = Fe203(c) + 4HS04' + 34H+ + 30e

48 3FeS2(c) + 28H20 = Fe304(c) + 6HS04' + 50H+ 44e

49 Fe(c) + 2CT = FeC12(c) + 2e

50 3FeCl2(c) + 4H20 = Fe304(c) + 6C1' + 8H+ + 2e

51 FeCl2(c) = Fe3+ + 2C1' + e

52 Fe2+ + Cl' = FeCl2+ + e

53 2FeCl2+ + 3H20 = Fe203(c) + 2C1' + 6H+

54 FeCl2+ + 4H20 = Fe042' + Cl' + 8H+ + 3e

55 FeCl2(c) + H20 = Fe(OH)2+ + 2C1' + H+ + e

56 2FeCl2(c) + 3H20 = Fe203(c) + 4C1' + 6H+ + 2e

57 FeCl2+ + H20 = Fe(OH)2+ + Cl' + H+
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Table 3-a

FREE-ENERGY VALUES 
SYSTEMS FROM

Chem'cal
Species S0(25) Gf*(25) G°(100)

Ni (c) 7.14 0 -591

NiO(c) 9.08 -50,600 -51,376

Ni304(c) 33.5 -170,150 -172,941

Ni^Ojfc) 22.5 -112,270 -114,151

Ni02(c) 12.5 -51,420 -52,469

Ni2+(aq) -40.8 -10,900 -8,438

HNi02"(aq) 15 -83,465 -83,933

NiS(c) 12.66 -19,000 -20,048

Ni3S2(c) 32.0 -47,100 -50,465

NiS04(c) 22.0 -181,600 -183,541

C1*(aq) 18.5 -31,372 -32,254

NiCl2(c) 23.34 -61,918 -63,820

(cal/mole) OF NICKEL 
25° TO 300°C

G°(200) G°(250) G°(300) References

-1,534 -2,066 -2,634 11,13,20

-52,689 -53,461 -54,310 11,13,20

-177,482 -180,055 -182,810 1,16,17,18,24

-117,235 -118,989 -120,871 1,16,17,18,24

-54,199 -55,185 -56,244 1,16,17,18,24

-7,066 -7,254 -8,067 15,20

-82,265 -80,439 -77,914 1,15,23,25

-21,716 -22,650 -23,645 11,13,20

-56,008 -59,128 -62,442 18,20

-186,912 -188,883 -191,023 13,20

-31,731 -30,725 -28,884 15,20,21

-66,769 -68,395 -70,110 11,13,20
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Table 3-b

REACTIONS AMD CODE NUMBERS TO DELINEATE DIAGRAM
OF Ni-HgO, Ni-S-H20 AND Ni-Cl"-H20-SYSTEMS

■ Number Reaction

1 Ni (c) = Ni2+ + 2e

2 Ni2+ + H20 + NiO(c) + 2H+

3 3Mi2+ + 4H20 = Ni304(c) + 8H+ 2e

4 2Ni2+ + 3H20 = Ni203(c) + 6H+ + 2e

5 Ni2+ + 2H20 = Ni02(c) + 4H+ + 2e

6 Ni(c) + H20 = NiO(c) + 2H+ 2e

7 Ni(c) + 2H20 = HNi02' + 3H+ + 2e

8 3Ni0(c) + H20 = Ni304(c) + 2H+ + 2e

9 NiO(c) + H20 = HN102" + H+

10 3HNi02" + H+ = Ni304(c) + 2H20 + 2e

11 2Ni304(c) + H20 = 3Ni203(c) + 2H+ + 2e

12 Ni203(c) + H20 = 2Ni02(c) + 2H+ + 2e

13 Ni2+ + 2H20 = HNi02' + 3H+

14 2HHi02" = Ni203(c) + H20 + 2e

15 HNi02* = Ni02(c) + H+ + 2e

16 Ni3S2(c) + 4H+ = 3Ni2+ + 2H2S + 2e

17 3Ni(c) + 2H2S = Ni3S2(c) + 4H+ + 4e

18 Mi3S2(c) + H2S = 3NiS(c) + 2H+ + 2e

19 3Ni(c) + 2HS' = Ni3$2(c) + 2H+ + 4e

20 Ni3S2(c) + HS" = 3NiS(c) + H+ 2e

21 3Ni(c) + 2S2" = Ni3S2(c) + 4e

22 Ni3S2(c) + S2" = 3NiS(c) + 2e

23 Ni3S2(c) + 6H20 = 3HNi02" + 2S2" + 9H+ + 2e

24 Ni3S2(c) + 8H20 = 3Ni2+ + 2S042' + 16H+ + 18e

25 3NiS(c) + 4H20 = Ni3S2(c) + S042" + 8H+ + 6e

26 Ni3S2(c) + 11H20 = 3NiO(c) + 2S042' + 22H+ + 28e

27 Ni3S2(c) + 14H20 = 3HNi02" + 2S042" + 25H+ + 18e

28 Ni2+ + H2S = NiS(c) + 2H+

29 NiS(c) = Ni2+ + S(c) + 2e

NiS(c) = NiZ+ + SO ) + 2e

30 NiS(c) + 4H20 = Ni2+ + S042" + 8H+ 8e

31 3NiS04(c) + 4H20 = Ni304(c) + 3S042" + 8H+ + 2e
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Table 3-b (Contd.)

REACTIONS AMD CODE NUMBERS TO DELINEATE DIAGRAM
OF Ni-H20, Ni-S-H20 AND Ni-Cl"-H20-SYSTEMS

Code Number Reaction

32 NiS04(c) + H20 = NiO(c) + S042' + 2H+

33 NiS(c) + 4H20 = NiS04(c) + 8H+ + 8e

34 Ni3S2(c) + 8H20 + S042' = 3MiS04(c) + 16H+ + 18e

35 6N1S(c) + 3H20 = 2Ni3S2(c) + S2n32* + 6H+ + 4e

36 N1S(c) + 4H20 = Ni2+ + HS04" + 7H+ + 8e

37 Ni3S2(c) + 8H20 = 3Ni2+ + 2HS04‘ + 14H+ + 18e

38 Ni3S2(c) + 11H20 = 3NiO(c) + 2HS04‘ + 20H+ + 18e

39 3NiS(c) + 4H20 = Ni3S2(c) + HS04‘ + 7H+ + 6e

40 Ni(c) + 2C1" = NiCl2(c) + 2e

41 NiC12(c) + H20 = NiO(c) + 2d‘ + 2H+

42 3NiCl2(c) + 4H20 = Ni304(c) + 6C1' + 8H+ + 2e

43 2NiCl2(c) + 3H20 = Ni203(c) + 4C1' + 6H+ + 2e

44 MiCl2(c) + 2H20 = Ni02(c) + 2C1' + 4H+ + 2e
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Table 4-a

FREE-ENERGY VALUES (cal/mole) OF CHROMIUM AND ITS COMPOUNDS

Chemical
Species S0(25) Gf‘>(25) G °(100) G°(200) G°(250) G°(300) References

Cr(c) 5.68 0 -476 -1,252 -1,694 -2,168 11,13,20

CrO(c) 10.7 -83,810 -84,689 -86,091 -86,875 -87,711 1,16,17,18,24

Cr203(c) 19.4 -252,900 -254,579 -257,434 -259,09 0 -260,882 11,13,20

Cr(0H)3(c) 19.2 -215,300 -216,957 -219,820 -221,482 -223,28 1,16,17,18,24

Cr02(c) 12.2 -129,000 -130,076 -132,005 -133,146 -134,39 1,16,17,18,24

Cr2+(aq) -28.9 -42,100 -40,473 -40,025 -40,590 -41,720 1,15,24,26

Cr3+(aq) -88.5 -51,500 -45,690 -40,617 -39,292 -38,835 1,16,24

Cr042'(aq) 22.0 -173,960 -174,811 -173,612 -171,843 -169,282 15,20

Cr2072”(aq) 72.6 -311,000 -316,583 -324,369 -328,483 -332,712 15,20

Cr02“(aq) 28.04 -128,090 -129,506 -129,379 -128,313 -126,563 1,15,23,24
3_

CrOj (aq) -41.94 -144,220 -139,092 -126,538 -117,336 -106,195 1,15,23

Cr(OH)2+(aq) -26.4 -103,000 -101,548 -101,294 -101,939 -103,135 1,15,24

Cr(0H)2+(aq) -12.13 -151,210 -150,759 -151,613 -152,710 -154,287 1,15,27,28

HCr04"(aq) 49.0 -182,800 -187,000 -193,828 -198,003 -202,659 15,20,21
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Table 4-b

REACTIONS AND CODE NUMBERS TO DELINEATE 
DIAGRAM OF Cr-H20 SYSTEM

1 Number Reaction

1 Cr2+ = Cr3+ + e

2 Cr2+ + 3H20 = Cr(0H)3

3 Cr(c) = Cr2+ + 2e

4 2Cr3+ + 7H20 = Cr2072‘ + 14H+ + 6e

5 Cr3+ + 3H20 = Cr(0H)3(c) + 3H+

6 Cr(0H)3(c) + H20 = Cr042' + 5H+ + 3e

7 Cr033' + H20 = Cr042' + 2H+ + 3e

8 Cr2°72' + H2° = 2Cr042' + 2H+

9 2Cr(0H)3(c) + H20 = Cr072' + 8H+ + 6e

10 Cr(c) + 3H20 = 0r033' + 6H+ + 3e

11 Cr(OH)3(c) = Cr033' + 3H+

12 Cr3+ + 4H20 = HCr04' + 7H+ + 3e 

_ 2- +
13 HCr04 = Cr04 + H

14 Cr(c) + 3H20 = Cr(0H)3(c) + 3H+ + 3e

15 Cr203(c) + 5H20 = 2Cr042' + 10H+ + 6e

16 2Cr2+ + 3H20 = Cr203(c) + 6H+ + 2e

17 2Cr(c) + 3H20 = Cr203(c) + 6H+ + 6e

18 2Cr(0H)2+ + H20 = Cr203(c) + 4H+

19 Cr203(c) + 3H20 = 2Cr03" + 6H+

20 Cr3+ + H20 = Cr(0H)2+ + H+

21 2Cr(0H)2+ + 5H20 = Cr207‘2 + 12H+ + 6e

22 Cr(OH)2+ + 3H20 = Cr042‘ + 7H+ + 3e

23 Cr(0H)2+ + H20 = Cr(OH)2+ + H+

24 Cr2+ + H20 = Cr(OH)2+ + H+ + e

25 Cr(OH)2+ + 2H20 = Cr042‘ + 6H+ + 3e

26 Cr2+ + 2H20 = Cr(0H)2+ + 2H+ + e

27 Cr(OH)2+ = Cr02‘ + 2H+

28 Cr2+ + 2H20 = Cr02' + 4H+ + e

29 Cr2+ + 3H20 = Cr033* + 6H+ + e

30 Cr02' + 2H20 = Cr042' + 4H+ + 3e

31 Cr02' + H20 = Cr033‘ 2H+

32 Cr(0H)2+ +2H20 = Cr(OH)3(c) + 2H+

33 Cr203(c) + H20 = 2Cr02' + 2H+
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Table 4-b (Contd.)

REACTIONS AND CODE NUMBERS TO DELINEATE 
DIAGRAM OF Cr-H20 SYSTEM

Code Humher ________________Reaction_________________

34 Cr(OH)3(c) = Cr02' + H20 + H+

35 Cr + 2H2P = Cr02* + 4H+ + 3e

36 Cr(0H)2+ + 3H20 = HCr04‘ + 6H+ + 3e

37 2Cr203(c) + SHgO = 2Cr20?2' + 16H+ + 12e

38 2Cr(nH)2+ + 3H20 = Cr20?2' + 10H+ + 6e

39 Cr2+ + H20 = CrO(c) + 2H+

40 CrO(c) + H20 = Cr02‘ + 2H+ + e

41 Cr(c) + H20 = CrO(c) + 2H+ + 2e

42 2CrO(c) + H20 = Cr203(c) + 2H+ + 2e

43 CrO(c) + 2H20 = Cr(OH)3(c) + H+ + e

44 2Cr02‘ + 3H20 = Cr207'2 + 6H+ + 6e
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Table 5-a

FREE-ENERGY VALUES (cal/mole) FOR CARBON AND
ITS COMPOUNDS

Chemical
Species S*(25) Gf”(25) G”(100)

C(c) 1.372 0 -123

CH4(g) 44.492 -12,130 -15,545

CO(g) 47.219 -32,780 -36,383

cn2(g) 51.06 -94,254 -98,164

HC02"(aq) 27.0 -83,900 -85,685

HC204”(ag) 40.7 -166,930 -170,219

C2042"(aq) 20.9 -161,100 -161,849

HC03”(aq) 26.8 -140,260 -142,023

C032‘(aq) -3.6 -126,170 -124,627

H2C02(an) 39.0 -89,000 -91,958

H2C03(aq) 44.8 -148,940 -152,327

CH3OH(aq) 31.8 -41,920 -44,481

HCHO(aq) 40.1 -31,000 -34,174

FROM 25° TO 300°C

G°(200) G°(250) G°(300) References

-348 -488 -644 13,14

-20,320 -22,796 -25,326 11,13,14

-41,350 -43,893 -46,470 11,13,14

-103,607 -106,416 -109,276 11,13,14

-87,016 -87,307 -87,318 14,15,21

-174,973 -177,683 -180,586 14,15,21

-160,454 -158,557 -155,849 14,15,21

-143,304 -143,560 -143,528 14,15,21

-118,882 -114,137 -108,141 14,15,21

-95,741 -97,703 -99,634 14,16,17,18

-156,660 -158,887 -161,075 14,16,17,18

-48,375 -50,502 -52,736 14,16,17,18

-38,719 -41,113 -43,582 1,14,16,17,18
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Table 5-b

REACTIONS AND CODE NUMBERS TO DELINEATE 
DIAGRAM OF C-H20 SYSTEM

Code Number Reaction

1 CH4(g) = C(c) + 4H+ + 4e

2 C(c) + 2H20 = C02(g) + 4H+ + 4e

3 C(c) + 3H20 = HC03" + 5H+ + 4e

4 C(c) + 3H20 = C032' + 6H+ + 4e

5 CH4(g) + 3H20 = C032' + 10H+ + 8e

6 C02(g) + h2o = hco3' + H+

7 HC03' = C032* + H+

8 C(c) + 3H20 = H2C03 + 4H+ + 4e

9 H2C03 = HC03‘ + H+

10 CH30H + 2H20 = HCn3‘ + 7H+ + 6e

11 CH30H + 2H20 = C032" + 8H+ + 6e

12 CH3PH + 2H20 = H2C03 + 6H+ + 6e

13 CH4(g) + 3H20 = HC03' + 9H+ + 8e

14 CH4(g) + 2H20 = C02(g) + 8H+ + 8e

15 HC02' + H20 = HC03' + 2H+ + 2e

16 HC02' + H20 = C032‘ + 3H+ + 2e

17 CH30H + H20 = HC02' + 5H+ + 4e
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Table 6-a

FREE-ENERGY VALUES (cal/mole) FOR BORON 
AND ITS COMPOUNDS FROM 25° TO 300°C

Chemical
Species S*(25) Gf° (25) G°(100) G°(200) G° (250) G°(300) References

B10H14(c) 42.20 49,834 46,164 39,622 35,610 31,089 12

B10H14(c) 56.299 50,830 46,146 38,152 33,492 28,423 12

B10H14(9) 84.147 55,527 48,440 38,483 32,960 27,074 12

B gH g(1 ) 44.056 41,067 37,436 31,611 28,272 24,639 12,14

65.803 41,843 36,689 29,140 25,075 20,819 12,14

B2H6(g) 55.45 20,700 16,414 10,308 7,094 3,777 11,12,14

BH(g) 41.047 98,632 95,493 91,146 88,914 86,649 12,14

BH2(g) 43.045 44,889 41,588 36,983 34,604 32,178 12

BH3(g) 44.880 26,494 23,051 18,249 15,768 13,238 12

B (c) 1.40 0 -132 -392 -558 -745 11,13,14,21

B203(c) 12.9 -285,300 -286,407 -288,295 -289,404 -290,615 13,14,21

BO(g) 48.60 -6,678 -10,474 -15,582 -18,195 -20,844 12,14

B02(g) 54.90 -69,339 -73,549 -79,421 -82,454 -85,546 12,14

B20(g) 54.405 14,921 10,759 4,984 2,011 -1,012 12

57.958 -110,833 -115,303 -121,604 -125,882 -128,238 12,14

H2B03"(aq) 12.3 -217,600 -217,772 -215,429 -213,126 -210,032 1,10,15,21,24

HB032"(ag) -13.46 -200,290 -197,634 -188,854 -182,004 -173,470 1,15,23

B033'(aq) -41.94 -181.489 -176,352 -163,798 -154,596 -143,455 1,15,23

H3B03(aq) 38.8 -231,560 -233,994 -235,554 -235,646 -235,197 1,14,15,17,18,24
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Table 6-b

REACTIONS AND CODE NUMBERS TO DELINEATE
DIAGRAM OF B-H20 SYSTEM

> Humber Reaction

1 B2H6(g) + 6H20 = 2H3B03 + 12H+ + 12e

2 B2Hg(g) + 6H20 = 2H2B03" + 14H+ + 12e

3 B2Hg{g) + 6H20 = 2HB032‘ + 16H+ + 12e

4 B2H6(g) + 6H20 = 2B033' + 18H+ + 12e

5 BH3(g) + 3H20 = H3B03 + 6H+ + 6e

6 BH3(g) + 3H20 = H2B03‘ + 7H+ + 6e

7 BH3(g) + 3H20 = HB032' + 8H+ + 6e

8 BH3(g) + 3H20 = B033' + 9H+ + 6e

9 2R2H6(g) + 6H20 = 2B203(c) + 24H+ + 24e

10 B203(c) + 3H20 = 2H2B03' + 2H+

11 H3B03 = H2B03' + H+

?- +
12 H2B03 = HB03 + H

13 HB032" = B03'3 + H+

14 H2B03' = B033' + 2H+

15 2BH3(g) + 3H20 = B203(c) + 12H+ + 12e

16 B(c) + 3H20 = H3B03 + 3H+ + 3e

17 2B(c) + 3H20 = B203(c) + 6H+ + 6e

18 B(c) + 3H?0 = H2B03‘ + 4H+ + 3e
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Table 7-a

FREE-ENERGY VALUES (cal/mole) FOR NITROGEN AMD ITS COMPOUNDS

Chemical
Species S°(25) Gf°(25) G°(100) G‘“(200) G°(250) G°(300) References

N2(g) 45.77 0 -3,494 -8,315 -10,785 -13,289 11,13,14

N20(g) 52.52 24,900 20,877 15,277 12,387 9,443 11,13,14

NO(g) 50.347 20,690 16,851 11,564 8,860 6,120 11,13,14

N203(g) 73.915 33,324 27,640 19,667 15,531 11,305 12,14

N02(g) 57.35 12,260 7,879 1,812 -1,307 -4,476 11,14

N204(g) 72.70 23,380 17,756 9,769 5,589 1,296 11,14

N205(g) 82.801 28,186 21,767 12,612 7,806 2,859 12,14

N03(g) 60.352 27,745 23,116 16,645 13,292 9,866 12

HN03(g) 63.663 -17,690 -22,581 -29,441 -33,004 -36,649 12

NH3(g) 45.97 -3,940 -7,464 -12,373 -14,907 -17,489 11,14

NH(g) 43.295 79,567 76,259 71,687 69,344 66,966 12

HH2(g) 46.488 42,337 38,780 33,848 31,313 28,737 12

HN02(g) 59.586 -10,020 -14,587 -20,953 -24,242 -27,596 12

N(g) 36.614 108,870 106,081 102,246 100,288 98,306 12

n2h4(D 29.050 35,694 33,305 29,536 27,430 25,190 12

N2H4(g) 56.030 38,042 33,652 27,472 24,250 20,947 12

NH4+(aq) 22.10 -18,970 -20,922 -24,431 -26,614 -29,102 14,15,21

NH40H(aq) 43.30 -63.040 -66,518 -71,787 -74,650 -77,647 14,16,17,18

N02"(aq) 38.5 -8,900 -11,295 -13,025 -13,174 -12,828 14,15,21

N03'(aq) 40.0 -26,610 -29,145 -31,142 -31,465 -31,320 14,15,21

HN02(aq) 36.5 -13,300 -15,703 -18,336 -19,380 -20,179 14,16,17,18

HN03(aq) 35.0 -26,610 -29,040 -31,790 -32,934 -33,859 14,29
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Table 7-b

REACTIONS AND CODE NUMBERS TO DELINEATE 
DIAGRAM OF N-H20 SYSTEM

Code Number Reaction

1 NH4+ + H20 = NH4(0H) + H+

2 NH4+ + 2H20 = N02' + 8H+ + 6e

3 NH4+ + 2H20 = HN02(ao) + 7H+ + 6e

4 HH02(aq) + HgO = HNOjfaq) + 2H+ + 2e

5 HN02(aq) + H20 = N03‘ + 3H+ + 2e

6 HN02(aq) = N02‘ + H+

7 NH40H + H20 = N02" + 7H+ + 6e

8 M02' + H20 = N03‘ + 2H+ + 2e

9 HN03(aq) « N03' + H+

10 2HH4+ = N2(g) + 8H+ + 6e

11 2NH4(0H) = N2(g) + 6H+ + 2H20 + 6e

12 N2(g) + 6H20 = 2HN03(aq) + 10H+ + lOe

13 N2(g) + 6H20 = 2N03' + 12H+ + lOe

14 2NH4+ + H20 = N20(g) + 10H+ + 8e

15 2NH4(0H) = N20(g) + HgO + 8H+ + 8e

16 N20(g) + 5H20 = 2HN03(g) + 8H+ + 8e

17 N20(g) + 5H20 = 2N03‘ + 10H+ + 8e

18 NH4+ + H20 = NO(g) + 6H+ + 5e

19 NO(g) + 2H20 = HN03(aq) + 3H+ + 3e

20 N0(o) + 2H20 = N03' + 4H+ + 3e

21 N0(g) + H20 = N02‘ + 2H+ + e

22 2NH3(g) = N2(g) + 6H+ + 6e

23 MH4+ = NH3(g) + H+

24 HN03(ao) = H03(g) + H+ + e

25 N03" = N03(g) + e

26 N20(g) + 3H20 = 2N02" + 6H+ + 4e

27 NH4(0H) = NO(g) + 5H+ + 5e

28 N2(q) + 6H20 = 2HN03(g) + 10H+ lOe

29 HN03(g) = N03(g) + H+ + e

30 HN03(g) = N03* + H+
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Table 8-a

FREE-ENERGY VALUES (cal/mole) FOR COPPER SYSTEMS FROM 25° TO 300°C

Chemical
Species S*(25) Gf0(25) G'(IOO) G°(200) G°(250) G°(300) References

Cu(C) 7.923 0 -646 -1,645 -2,195 -2,774 11,13,20,21

Ci^Oic) 22.26 -34,900 -36,716 -39,531 -41,083 -42,721 11,13,20,21

CuO(c) 10.19 -31,000 -31,859 -33,260 -34,055 -34,907 11,13,20,21

Cu(0H)2(c) 25.90 -89,088 -91,231 -94,634 -96,536 -98,558 12

Cu+(aq) 4.7 11,950 11,220 9,060 7,429 5,404 15,20,21

Cu2+(aq) -33.8 15,660 17,631 18,460 18,050 17,050 15,20,21,24

HCuO^'faq) 15 -61,800 -62,268 -60,600 -58,774 -56,249 15,20,23,24

Cu022 (aq) -13.46 -43,900 -41,435 -33,939 -28,048 -20,729 15,20,23,24

CuS(c) 15.9 -12,800 -14,093 -16,084 -17,177 -18,328 11,13,20,21

Cll^SfCja) 28.9 -20,600 -22,938 -26,506 -28,451 -30,489 11,13,20,21

Cu2S(c,0) 32.0 -20,250 -22,853 -26,862 -29,058 -31,365 11,13,2

CuS04(c) 26.0 -158,200 -160,360 -163,830 -165,783 -167,870 11,13,20,21

CuO ‘ CuSO^Ic) 37.6 -189,390 -192,515 -197,546 -200,392 -203,437 12,13,21

CuS04 * H20(c) 34.9 -219,460 -222,356 -226,991 -229,597 -232,376 16,17,18,20,21

CuS04 • 3H20(c) 52.9 -334,650 -339,052 -346,109 -350,077 -354,306 16,17,18,20,21

CuS04 • 5H20(c) 71.8 -449,344 -455,320 -646,893 -470,269 -475,995 16,17,18,20,21

CuS04 • 2Cu(OH)2(c) 63.9 -345,800 -351,165 -359,884 -364,320 -370,098 16,17,18,21,30

CuS04 • 3Cu(0H)2(c) 84.1 -435,500 -442,556 -453,999 -460,466 -467,374 16,17,18,21,30
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Table 8-b

REACTIONS AND CODE NUMBER TO DELINEATE 
DIAGRAM OF Cu-H20 AND Cu-S-H20 SYSTEMS

> Number Reaction

1 Cu(c) = Cu2+ + 2e

2 2Cu(c) + H20 = Cu20(c) + 2H+ + 2e

3 Cu(c) + 2H20 = Cu022* + 4H+ + 2e

4 Cu20(c) + 2H+ = 2cu2+ + H20 + 2e

5 Cu20(c) + 3H20 = 2Cu(0H)2(c) + 2H+ + 2e

6 Cu20(c) + 3H20 = 2Cu022‘ + 6H+ + 2e

7 Cu2+ + 2H20 = Cu(0H)2(c) + 2H+

8 Cu(OM)2(c) = Cu022' + 2H+

9 Cu20(c) + H20 = 2CuO(c) + 2H+ + 2e

10 Cu2+ + H20 = CuO(c) + 2H+

11 CuO(c) + H20 = Cu022‘ + 2H+

12 Cu+ = Cu2+ + e

13 Cu+ + 2H20 = HCu02' + 3H+ + e

14 Cu+ + 2H20 = Cu022' + 4H+ + e

15 Cu2+ + 2H20 = HCu02' + 3H+

16 HCu02‘ = Cu022' + H+

17 Cu(c) = Cu+ + e

18 2Cu+ + H20 = Cu20(c) + 2H+

19 Cu20(c) + 3H20 = 2HCu02‘ + 4H+ + 2e

20 CuO(c) + H20 = HCu02‘ + H+

21 Cu(OH)2(c) - HCu02' + H+

22 Cu+ + 2H20 = Cu(OH)2(c) + 2H+ + e

23 Cu(c) + 2H20 = HCu02* + 3H+ + 2e

24 Cu+ + H20 = CuO(c) + 2H+ + e

25 2Cu(c) + H2S = Cu2S(c) + 2H+ + 2e

26 2Cu(c) + HS" = Cu2S(c) + H+ + 2e

27 2Cu(c) + S2' = Cu2S(c) + 2e

28 Cu2S(c) + H2S = 2CuS(c) + 2H+ + 2e

29 CuS(c) + HS' = 2CuS(c) + H+ + 2e

30 2CuS(c) + 4H20 = Cu2S(c) + S042' + 8H+ + 6e

31 2CuS(c) + 4H20 = Cu2S(c) + HS04' + 7H+ + 6e

32 CuS(c) + 4H20 = cu2+ + HS04" + 7H+ + 8e
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Table 8-b (Contd.)

REACTIONS AND CODE NUMBER TO DELINEATE 
DIAGRAM OF Cu-H20 AND Cu-S-H20 SYSTEMS

CoHe Number

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

61

Reaction

CuS(c) = CuZ+ + S(c or 1) + 2e 

Cu2S(c) + 4H20 = 2Cu2+ + HS04‘ + 7H+ + lOe 

Cu2S(c) + 4H20 = 2Cu2+ + S042' + 8H+ + lOe 

Cu2S(c) + 4H20 = 2Cu(c) + $042' + 8H+ + 6e 

4Cu20(c) + 8H20 + 2S042" = 2CuS04 ‘ 3Cu(0H)2(c)

+ 4H+ + 8e

4Cu2+ + 6H20 + S042' = CuS04 ’ 3Cu(0H)2(c) + 6H+

CuS04 • 3Cu(0H)2(c) = 4CuO(c) + S042" + 2H20 + 2H+ 

4CuS04 • H20(c) + 2H20 = CuS04 ' 3Cu(0H)2(c)

+ 3S042' + 6H+

Cu20(c) + H20 + 2S042* + 2H+ = 2CuS04 ’ HgOfc) + 2e 

4CuS04 • 3820(c) = CuS04 ‘ 3Cu(0H)2(c) + 3S042 

+ 6H20 + 6H+

Cu20(c) + 5H20 + 2S042' + 2H+ = 2CuS04 ’ 3H20(c) + 2e 

Cu(c) + 3H20 + S042' = CuS04 • 3H20(c) + 2e 

Cu2S(c) + 10H20 + S042‘ = 2CuS04 ‘ 3H20(c) + 8H+ + lOe 

4CuS04 • 5H20(c) = Cu$04 ' 3Cu(0H)2<c) + 3S042 

+ 14H20 + 6H+

Cu20(c) + 9H20 + 2S042' + 2H+ = 2CuS04 ’ 5H20(c) + 2e

Cu(c) + 5H20 + S042" = CuS04 ' 5H20(c) + 2e

Cu2S(c) + 14H20 + S042‘ = 2CuS04 * 5H20(c) + 8H+ + lOe

Cu2S(c) + 4H20 = 2Cu+ + S042* + 8H+ + 8e

Cu+ + H20 + S042' = CuS04 • H20(c) + e

Cu+ + 3H20 + S042' = CuS04 - 3H20(c) + e

Cu+ + 5H20 + S042" = CuS04 - 5H20(c) + e

Cu2S(c) + 4H20 = 2Cu+ + HS04' + 7H+ + 8e

Cu2S(c) + 2H+ ■ 2Cu2+ + H2S + 2e

Cu2+ + H2S = CuS(c) + 2H+

Cu2S(c) + 4H20 = 2Cu(c) + HS04" + 7H+ + 6e 

2Cu+ + H2S = Cu2S(c) + 2H+

Cu2S(c) + S2' = 2CuS(c) + 2e 

Cu+ + H2S = CuS(c) + 2H+ + 2e 

CuS(c) = Cu* + S(c or 1) + e
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Table 9-a

Chemical

FREE-ENERGY (cal/mole) VALUES OF TITANIUM AND ITS COMPOUNDS FROM 25° TO 300°C

Sped es S (25) V(25) G*(100)

TKc) 7.3 0 -600

T10(c) 8.3 -117,200 -117,909

^203(c, a) 18.8 -342,800 -344,424

Ti203(c,^) 21.2 -342,200 -344,170

Ti305(c'a) 30.9 -553,900 -556,610

TijO j(c,/3) 40.5 -552,700 -555,909

T102(c,ru) 12.0 -212,600 -213,621

T102(c,an) 11.9 -211,400 -212,414

T1H2(c) 7.101 -25,127 -25,727

H2+(aq) -33.2 -75,100 -73,171

T13+(aq) -85.3 -83,600 -78,015

HTiOj'taq) 28.04 -228.460 -230,360

F2(g) 48.44 0 -3,700

TiF2(g) 61.081 -166,083 -70,805

TiF3(c) 21.00 -325,510 -327,278

T1F4(c) 32.016 -372,673 -375,318

TlF4(g) 75.243 -362,161 -367,564

F'(aq) 1.7 -66,640 -66,262

30 -506,300 -508,044

G°(200) G°(250) G°(300) References

-1,544 -2,068 -2,624 11,13,21,31

-119,100 -119,788 -120,533 13,21,31

-347,228 -348,890 -350,722 11,13,21,31

-347,228 -349,007 -350,936 11,13,21

-561,303 -564,052 -567,045 11,13,21,31

-561,505 -564,677 -568,068 11,13,21

-215,328 -216,313 -217,377 11,13,21,31

-214,112 -215,093 -216,153 11,13,21,31

-26,734 -27,324 -27,968 12

-72,389 -72,818 -73,833 1,15,24,26

-73,190 -71,966 -71,594 1,15,24,26

-231,950 -232,425 -232,655 1,15,23

-8.815 -11,440 -14,104 11,13,14,21

-177,464 -180,921 -184,451 12

-330,15 -331,773 -333,507 12,21

-379,528 -381,892 -384,411 12,21

-376,008 -380,443 -385,001 12

-64,089 -62,258 -59,604 14,15,21,24

-508,651 -508,209 -506,925 15,24
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Table 9-b

REACTIONS AND CODE NUMBERS TO DELINEATE
DIAGRAM OF Ti-HgO AND Ti-F_-H20 SYSTEMS

Code Number

1

2
3

4

5

6

7

8 

9

Reaction

Ti2+ = Ti3+ + e

Ii2+ + 3H2f) = HTi03~ + 5H+ + 2e 

Ii3+ + 3H20 = HTiOj" + 5H+ + e 

life) = Ii2+ + 2e 

Ti (c) + H20 = TiO(c) + 2H+ + 2e 

Ii2+ + 2H2f) = Ii02(ru) + 4H+ + 2e 

2Ti2+ + 3H2(1 = li203(c) + 6H+ + 2e 

Ti2+ + H20 = TiO(c) + 2H+

2TiO(c) + H20 = Ii203(c) + 2H+ + 2e

10 li203(c) + H20 = 2Ti02(ru) + 2H + 2e

11 Ti3+ + 2H20 = Ii02(ru) + 4H+ + e

12 Ti3+ + 2H20 = Ii02(an) + 4H+ + e

13 Ii2+ + 2H20 = Ii02(an) + 4H+ + 2e

14 li203(c) + H20 = 2Ti02(an) + 2H+ + 2e

15 Ii203(c) + 3H20 = 2HTi03‘ + 4H+ + 2e

16 Ii02(ru) + H20 = HTiOj’ + H+

17 Ti02(an) + H20 = HTi03' + H+

18 TiH2(c) = Ii2+ + 2H+ + 4e

19 TiH2(c) + 2H20 = Ti02(ru) + 6H+ + 6e

20 TiH2(c) + 2H20 = Ti02(an) + 6H+ + 6e

21 TiH2(c) + 3H20 = HTi03' + 7H+ + 6e

22 TiH2(c) + 3H20 = Ti203(c) + 10H+ + lOe

23 Ti203(c) + H20 = 2Ti02(ru) + 2H+ + 2e

24 Ti203(c) + H20 = 2Ti02(an) + 2H+ + 2e

25 TiFg2" + 2H20 = Ti02(ru) + 6F_ + 4H+

26 TiFg2" + 2H20 = Ti02(an) + 6F' + 4H+

27 2+ - 2- 
Ti + 6F = TiFg + 2e

28 TiFg2' + 3H20 = HTi03" + 6F" + 5H+

29 Ti2+ + 4F- = TiF4(c or q) + 2e

30 TiF4(c or g) + 2H20 = Ti02(ru) + 4F" +

31 Ti203(c) + 12F' + 6H+ = 2TiFg2' + 3H20

32 TiH2(c) + 6F" = TiFg2' + 2H+ + 6e

4H+

+ 2e
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Table 9-b (Contd.)

REACTIONS AMD CODE NUMBERS TO DELINEATE 
DIAGRAM OF Ti-H20 AND Ti-F“-H20 SYSTEMS

Code Number Reaction

33 TiH2(c) + 4F" = TiF^tc or g) + 2H+ + 6e

34 Ti(c) + 3F" + 2H+ = TiF3(c) + H20 + e

35 2TiF3(c) + 3H20 = TigOjfc) + 6F‘ + 6H+

36 TiFjtc) + 2H20 = Ii02(ru) + 3F' + 4H+ + e

37 TiF3(c) + 2H20 = Ii02(an) + 3F* + 4H+ + e

38 Ti2+ + 3F" = TiF3(c) + e

39 TiFj(c) + 3F* = TiF62' + e

40 TiF3(c) + F‘ = TiF4(c or g) + e

41 Ti(c) + 3F" = TiF3(c) + 3e

42 TiH2(c) + 3F" = TiF3(c) + 2H+ + 5e
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Table 10-a

FREE-ENERGY VALUES (cal/mole) OF ZIRCONIUM AND ITS COMPOUNDS FROM 25° TO 300°C

Chemical
Species S°(25) Gf*(25) G*(100)

Zr(c) 9.3 0 -751

Zr(0H)4(c) 31.0 -370,000 -372,759

Zr4+(aq) -107.3 -142,000 -134,871

Zr022+(aq) -85.0 -200,900 -195,336

HZr03'(aq) 28.0 -287,700 -289,595

ZrH2(c) 8.4 -30,926 -31,665

G°(200) G'tZSO) G*(300) References

-1,899 -2,526 -3,185 13,21,31

-377,621 -380,480 -383,589 1,17,18,24

-128,339 -126,418 -125,459 1,15,24,32

-190,534 -189,320 -188,956 1,15,21,24

-291,176 -291,644 -291,865 1,15,23,24

-32,962 -33,722 -34,547 13,16,17,18,30
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Code Humber _____________ Reaction

Table 10-b

REACTIONS AND CODE NUMBERS TO DELINEATE
DIAGRAM OF Zr-H20 SYSTEM

1 Zr4+ + H20 = Zr02+ + 2H+

2 Zr02+ + 2H20 = HZr03- + 3H+

3 Zr(c) » Zr4+ + 4e

4 Zr(c) + h2o = ;Zr02+ + 2H+ + 4e

5 Zr(c) + 4H20 = Zr02 - 2H20 + 4H+ + 4e

6 Zr(c) + 3H20 = HZr03' + 5H+ + 4e

7 Zr02+ + 3H20 = Zr02 • 2H20 + 2H+

8 Zr02 * 2H20 = 1HZr03- + H20 + H+

9 ZrH2(c) •» 4+ = It + 2H+ + 6e

10 ZrH2(c) + h2o ‘= Zr02+ + 4H+ + 6e

11 ZrH2(c) + 4H20 = Zr02 • 2H20(c) + 6H+

12 ZrH2(c) + 3H20 = HZrO2 + 7H + 6e
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Section 5

STABILITY DIAGRAMS

This section presents the diagrams discussed in the previous sections. The diagram 

at 250°C is shown at full scale, while diagrams at 25°, 100°, 200° and SOO'C are 

shown in reduced scale. The line number in the diagrams corresponds to the 

appropriate code number in the tables in Section 4.
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FIGURE 1 POTENTIAL-pH DIAGRAM FOR S-H20  SYSTEM 
^dissolved sulfide " ^gas = ^solid = 1
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(f) POTENTIAL-pH DIAGRAM (FROM TOWNSEND. REFERENCE 2) (g) POTENTIAL-pH DIAGRAM (FROM TOWNSEND, REFERENCE 2)
FOR Fe-H20 AT 25<»C. FOR Fe-H20 AT 60°C.
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(i) POTENTIAL-pH DIAGRAM (FROM TOWNSEND, REFERENCE 2) 
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FtOH'

Fe(OH>:

Fe(OHI.

HF«o;
FeOH

F«(OH).

0 4 8 12
pH

(f) @ 25°C (g) @ 100°C

FIGURE 3 (Cont’d) POTENTIAL-pH DIAGRAM FOR Fe-H20-S SYSTEM [REF. 7]
----------------  WATER STABILITY (A) AND (B)
----------------  DISSOLVED IRON SPECIES
-----------------s-h2o SYSTEM
" INVOLVING SOLID IRON SPECIES
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" (A)

F«OH‘

f«(oh):

F«OH

(h) e 200°C

FIGURE 3 (Cont'd) POTENTIAL-pH DIAGRAM FOR Fe-H20-S SYSTEM [REF. 7]

---------------- WATER STABILITY (A) AND (B)
---------------- DISSOLVED IRON SPECIES
---------------- S-H20 SYSTEM
----------------  INVOLVING SOLID IRON SPECIES
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(a) e 25°C (b) e 100°C

FIGURE 7 POTENTIAL-pH DIAGRAM FOR Ni-Cr-H20 SYSTEM 
Ajon “ 10"®, Aqj- ■ 10 1, Agg, “ 1, Aggii^ “ 1
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FIGURE 8 POTENTIAL-pH DIAGRAM FOR Cr-H20 SYSTEM 
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CH, (!)

(b) @ 100°C

FIGURE 9 POTENTIAL-pH DIAGRAM FOR C-H20 SYSTEM 
^dissolved species = ^• ^gas ~ ^solid “ ^
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-1.5 -

(f) E-pH DIAGRAM AT 25°C FOR THE CuSOa-HoSO^-HoO SYSTEM 
[FROM REF. 8]

pHT

(g) E-pH DIAGRAM AT 100°C FOR THE CuSOa-HoSOA-HjSOa-HjO SYSTEM 
[FROM REF. 8]

FIGURE 13 (Cont'd)



(h) E-pH DIAGRAM AT 200°C FOR THE CuSO^HjSO^HjO SYSTEM 
[FROM REF. 8}
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(c) @ 200°C (d) @ 300°C

FIGURE 14 (Cont'd)
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