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Summary. Through their catalytic abilities microbes can increase rates of chemical reactions which would take a very 
long time to reach equilibrium under abiotic conditions. Microbes also alter the concentration and composition of 
chemicals in the environment, thereby creating new conditions for further biological and chemical reactions. Rates 
of  degradation and possible indirect consequences on leaching rates in waste repositories are a function of the 
presence or absence of microbes and of the conditions which allow them to become catalytically active. 
Microbially mediated reactions are no exception to the rule that all chemical processes are basically governed by 
thermodynamic laws. Naturally occurring processes proceed in the direction that leads to the minimal potential 
energy level attained when equilibrium is reached. A continuous supply of energy to an ecosystem in the form of 
biochemically unstable compounds maintains non-equilibrium conditions, a prerequisite for all chemotrophic life. 
Energy is released as a chemical reaction progresses towards equilibrium. Microbes scavenge that portion of the free 
energy of reaction (A Gr) which can be converted into biochemically usable forms during the chemical oxidation 
processes. As 'electrontransfer catalysts', the microorganisms mediate reactions which are thermodynamically possi- 
ble thereby stimulating reaction rates. Decomposition and mineralization in systems without a continuous supply of 
substrates and oxidants will lead to equilibria with minimal free energy levels at which point further microbial action 
would cease. The differences in the free energy levels of reactions (A Gr)  , represent the maximal energy which is 
available to microorganisms for maintenance and growth. How much of the released free energy will be conserved 
in energy-rich bonds, compounds (e.g. ATP), and chemical potentials (e.g. emf) useful for biosynthesis and biological 
work is characteristic for the microbes involved and the processes and metabolic routes employed. 
Materials whose elements are not present in the most oxidized form attainable in the oxic environment of our planet 
are potentially reactive. Microbial activities are associated only with chemical reactions whose free energy changes 
are exergonic. This should be kept in mind for all investigations related to the role of microbes in repositories or in 
the layout of proper waste storage conditions. Rigorous application of thermodynamic concepts to environmental 
microbiology allows one to develop models and design experiments which are often difficult to conceive of in complex 
natural systems from physiological information alone. Thermodynamic considerations also aid in selecting proper 
deposition conditions and in carrying out thoughtful experiments in areas related to microbial ecology of waste 
repositories. 
Key words. Microbial ecology; ecosystems; state parameters; microbial activity; thermochemical values; group 
increment method; Gibbs free energy of reaction; bitumen degradation; nuclear waste repositories. 

Introduction 

This presentation is an attempt to apply chemical ther- 
modynamics to microbial ecology. I would like to illus- 
trate, how simple concepts taken from the theory of 
chemical equilibrium thermodynamics might enable one 
to explain microbial action in natural and artificial 
ecosystems. Emphasis is placed on three aspects: 
1) the microbial mediation and the consequences on 
habitat conditions of the degradation of organic sub- 
strates with the multitude of oxidants which are accessi- 
ble to microbes; 2)the meaning of the basic laws of 
thermodynamics in ecophysiology and 3) evaluating and 
summarizing a consistent dataset of  thermochemical val- 
ues of inorganic and organic compounds involved in 
microbially mediated processes. 
It seems appropriate to consider in this discussion the 
broad spectrum of enzymatic abilities present in the mi- 
crobial communities of particular environments as a 
whole rather than looking at single physiological traits. 

This geo-microbiological approach can be employed to 
understand the multitude of microbially mediated oxida- 
tion-reduction reactions, their sequence under environ- 
mental conditions, their synergistic coupling and the con- 
sequences for dissolution and precipitation processes. 
Thus, chemical thermodynamics becomes a tool to make 
predictions about the behavior of microbial communities 
involved in biogeochemical processes in nature. It can 
also help to develop a unifying view about the role in 
geobiochemical processes of the great metabolic diversity 
of microbes. 
The basic conclusions drawn from the 'eco-thermody- 
namic' thoughts might be helpful in designing material 
repositories in such a way that chemical reactivity and 
microbial action on the components are minimal or max- 
imal. These conclusions might also be useful in predicting 
the long-term behavior of potentially reactive wastes 
stored under particular conditions. It should become 
clear that by understanding the few basic concepts to be 
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developed here one can better evaluate microbially medi- 
ated processes thought to be relevant under conditions in 
waste repositories. The concepts can be a help in the 
development of appropriate models and permit one to 
define measures which would suppress or enhance micro- 
bial action. 
Thermodynamic non-equilibrium conditions are a neces- 
sary prerequisite for chemical transformations to pro- 
ceed but they are not a sufficient cause for microbial 
mediation. The mere presence of oxidizable materials in 
a microbially settled environment does not guarantee 
microbial action on the substrates per se. Unless the 
presence of usable oxidants, water activity (aw), the nutri- 
ents necessary for growth and the prevailing activities of 
dissolved and solubilizable chemical species favor bio- 
chemical reactivity, the oxidizable material may escape 
microbial degradation. Eco-thermodynamic consider- 
ations are meaningful only when they are considered 
together with the environmental conditions which sup- 
port microbial life and the physiological abilities of the 
indigenous microbes. 
For natural cycles to function properly and to assure 
cycling of the elements through synthetic and degrada- 
tive processes one would have to postulate that the cycles 
work for all components completely. This is not the case. 
Large amounts of ancient photosynthesis products 
stored in peats, coal, oil, etc., have been removed from 
continuous cycling. They represent sinks of organic mat- 
ter which might still be mineralized under favorable oxi- 
dation conditions. Some were deposited in ancient anox- 
ic ecosystems probably due to oxidant limitation. Either 
inorganic oxidants were depleted or it became thermody- 
namically impossible to couple prevailing oxidation reac- 
tions with available oxidants to give an exergonic reac- 
tion. The conditions might have been similar to those we 
observe today in sediments of eutrophic lakes and in 
certain ocean basins. 
But even in the absence of inorganic Oxidants, mineral- 
ization would be expected to proceed by fermentative 
processes coupled to methanogenesis as long as the over- 
all-process remains exergonic. Observations in fossil car- 
bon sinks and in modern sediments of eutrophic lakes 
demonstrate that microbially mediated mineralization 
can also be inadequate because microbes simply lack the 
necessary enzymes to break certain chemical bonds. Mi- 
crobial inadequacy in anoxic degradation of lignins and 
certain man-made synthetic chemicals are modern exam- 
ples which demonstrate that mineralization does not al- 
ways take place rapidly in spite of an ample amount of 
oxidants and exergonic reaction conditions. The choice 
of a proper matrix material for waste containment might 
make use of this phenomenon of microbial inadequacy. 

With respect to waste repositories we may conclude 
- Separating reactive materials or maintaining environ- 

mental conditions unfavorable to microbial activity 
can prevent transformations. Continuously providing 

oxidizable materials with potential oxidants and mix- 
ing them appropriately, on the other hand, can lead to 
vigorous microbial action. 

- Microbes can only thrive on and catalyze reactions as 
long as the reactions are exergonic. Energetic syner- 
gism between microbes is no contradiction to this rule. 
An oxidation reaction which is basically endergonic 
will proceed if it can be coupled to a second reaction 
which is strongly exergonic. The overall-reaction 
might be catalyzed by microbes acting synergistically, 
gaining energy for growth from coupled, exergonic 
overall-reactions. 

- Though in any ecosystem one can exclude from con- 
sideration any reactions which are thermodynamically 
unfavorable, it does not necessarily follow that all 
thermodynamically favorable reactions will proceed at 
measurable rates. The capacity of the environment to 
accommodate these reactions must also be met. 

- Information needed to predict microbial activities in- 
cludes the qualitative and quantitative composition of 
the waste and its containments, temperature, pressure 
and water activity at the site, accessibility by external 
sources of oxidants and nutrients, and escape routes of 
possible degradation products. 
One might conclude that precisely defining the micro- 
environmental factors in a repository and evaluating 
their role on microbial behavior should be the primary 
tasks of  'repository geo-microbiologists'. 

1. The potential of thermodynamics in microbial ecology 

It is appropriate to describe microbial ecosystems in 
terms of habitats, conditions, organisms and reactions. 
The prevailing conditions determine the chemical reac- 
tions which are thermodynamically possible. They also 
select for the microorganisms with the enzymatic capaci- 
ty to catalytically mediate the reactions. Microbial life 
can only be supported in a habitat as long as thermody- 
namic non-equilibrium conditions are maintained. If  nat- 
ural ecosystems were isolated thermodynamic systems 
they would rapidly head towards equilibrium, i.e., a state 
of maximum entropy (S) and minimal free energy (G). 
Through the continuous exchange of enthalpy (H) and 
entropy - associated with the flow of matter across the 
boundary of the ecosystem - the free energy content is 
maintained above equilibrium conditions. In contained 
waste repositories these prerequisites are not necessarily 
fulfilled. 
Renewing biomass through biochemical synthesis is one 
of the main tasks of microorganisms in evolution and 
ecology. Since biosyntheses are basically endergonic pro- 
cesses, the microorganisms need to couple them, under 
chemotrophic conditions, with exergonic dissimilation 
reactions and, under phototrophic conditions, with radi- 
ation conversion processes. The Gibbs free energy made 
available while dissimilation reactions shift toward equi- 
librium (A Gr < 0) is employed to drive assimilation reac- 
tions (A Gr > 0), i.e., the free energy released by the dis- 
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similatory reaction system is part ial ly used to increase the 
enthalpy and reduce the entropy of  the organismic sys- 
tem (e.g., for the format ion of  new biomass).  The mech- 
anism and the efficiency by which rnicroorganisms trans- 
fer energy into enthalpy increase and ent ropy decrease 
under  natural  condit ions is the fundamenta l  content  of  
ecological bioenergetics. 
The extent of the non-equil ibr ium state determines the 
bioenergetic capacity of  an ecosystem. Non-equi l ibr ium 
is mainta ined by a steady supply of  oxidizable substrates 
and the removal  of  reaction products ;  i t is quanti tat ively 
described by their concentrations.  The larger the differ- 
ences of  free energy of  reaction are between actual  envi- 
ronmental  state and equil ibrium (A G r ,~ 0) the more 
readily microbial ly mediated reactions might  proceed. 
While a positive value of  A Gr is a clear indicat ion that  
the par t icular  reaction is not  feasible, a large negative 
A Gr is not  a sufficient indicat ion that  a react ion will 
occur measurably  in a microbial  ecosystem. The reaction 
rate might be too slow, the enzymatic pathways  neces- 
sary for substrate conversion might be absent or inhib- 
ited, or alternative reactions might compete with the bio- 
chemical ones. 
In  the following paragraphs  I will summarize some rules 
of  thermodynamics  and illustrate their appl icat ion in mi- 
crobial  ecology. 

1.1 The redox-concept in microbiology 

The oxidat ion of  organic molecules with inorganic oxi- 
dants  can be conceptually combined.  By assigning formal  
oxidat ion states to the redox-labile elements in organic 
compounds  one can stoichiometrically balance chemical 
equations for microbial ly mediated reactions involving 
organic and inorganic substrates and products.  Assign- 
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ing oxidat ion states to single a toms in organic molecules 

is artificial because it formally assigns shared electrons in 
bonding orbitals  between a toms of  different electronega- 
tivity fully to the more  electronegative a tom of  a covalent  
bond. But by doing this we can count the number  o f  
electrons belonging to each atom, as one frequently does 
for inorganic ions, and thus balance microbial ly  mediat-  
ed electron transfer. 
Some of  the most  common elements in biological systems 
(H, C, N, O, S, Mn and Fe) exhibit mult iple oxidat ion 
states. Phosphorus  which is also essential for all living 
organisms is a redox-conservative element. In biological  
compounds  it is present in the oxidat ion state V + ,  in 
inorganic ions as well as covalently bound  in organic 
compounds.  
The oxidat ion state is determined by the number  of  ex- 
changeable electrons present in the outer  orbitals.  The 
elemental configurat ion is assigned the oxidat ion state 
zero. Addi t ion  of  electrons to the orbitals makes the 
oxidat ion state more negative, removal  of  electrons 
makes it more  positive. 
Mean oxidat ion states and the corresponding electron 
donat ing capacities are related as depicted in figure 1.1 
for carbon,  nitrogen and sulfur in several organic com- 
pounds.  The carbon a tom tetravalently bound  to other 
carbons (R4C) is assigned the oxidat ion state 0 (fig. 
1.1 a). The carbon is reduced if R is replaced by hydrogen 
or phosphorus ,  and oxidized through bonds  with oxygen, 
nitrogen or other more electronegative elements like 
halogens. It does not  change through bonds  to sulfur, 
which has the same electronegativity as carbon,  or to 
other carbon atoms. The rules can be applied similarly to 
organically bound  nitrogen and sulfur (figs 1.1 b and 
1.1 c). So, for any a tom the oxidat ion state may be com- 
puted by adding + 1 for each bond to a less electro- 
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Figure 1.1. Oxidation states for carbon, sulfur and nitrogen in organic 
and inorganic compounds, a) Oxidation of the carbon atom in a com- 
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bon-carbon bond reduces one carbon by adding hydrogen but it oxidizes 
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sulfur atom occurs if hydrogens are removed or if oxygen, halogens or 
nitrogen are added as bonding atoms. R symbolizes a carbon containing 
residue. The C-S  bond does not change the oxidation state of either 
atom since both have the same electronegativity, c)Oxidation of the 
nitrogen atom occurs if hydrogen, carbon or sulfur atoms are removed or 
if oxygen or halogen atoms are added as bonding partners. 



648 Experientia 47 (1991), Birkh/iuser Verlag, CH-4010 Basel/Switzerland Reviews 

negative atom. Whereas a bond to a negatively charged 
atom diminishes the oxidation state by - 1, a bond to a 
positively charged atom increases the oxidation state by 
+ 1. A bond to an identical atom or to one with the same 
electronegativity does not lead to a change in the oxida- 
tion state of the two bonding atoms. Thus, sulfur is as- 
signed the oxidation state 0 in organic sulfides and disul- 
fides if the bond partners are C or S or - I if one bond 
partner is H. The oxidation state of C or S will decrease 
when bonded to hydrogen or phosphorus atoms and 
increase when bonded to nitrogen and oxygen. Bonds of 
nitrogen with hydrogen, carbon, sulfur and phosphorus 
will decrease the oxidation state of the nitrogen atom 
while bonds to oxygen and halogens will increase it. The 
range for oxidation states in nitrogen containing com- 
pounds is therefore from - III  as in amines and ammo- 
nia to + V as in the nitrate ion. By assigning these 'arti- 
ficial' oxidation states one can link reduction and oxida- 
tion of organic molecules to biological reactions and 
describe them in terms of electron flow via microbial 
electron transport enzymes to either inorganic or organic 
electron acceptors. The ability of microbes to transfer 
electrons between particular reductants and oxidants is 
one of the most important features of their involvement 
in chemical reactions. 

1.2 Stoichiometry of mineralization 

In this section mineralization of organic matter is treated 
as a redox process under a variety of oxidation condi- 
tions. Oxygen trapped in the air a t  the time the waste is 
packaged will probably be used up rapidly and will not 
be resupplied. Anaerobic processes will then dominate 
inside the well-sealed containment and at least originally, 
the degradation products will be retained. 
The amount, availability and accessibility of biochemi- 
cally usable oxidants will further regulate the kind of 
microbial processes taking place under anoxic condi- 
tions. Some of the formal stoichiometries for degra- 
dation which have been used for model calculations 
are summarized in table 1.1. Degradation, associated 
with H2-production will serve to outline the stoichio- 
metries. 
Organic waste is assumed to contain molecules predomi- 
nantly made up of the elements C, H, O, N, P and S. 
These are present in the stoichiometric ratio a: b :c: d: e: f. 
Inorganic components of the degradable waste and halo- 
gens are omitted from the examples given in table 1.1. I 
assign a negative surplus charge h to the organic matter 
unit molecule 

U R +  h -  (Ca HbOeNdPeSfMg > 

M symbolizes elements which are not considered in de- 
tail; R and U are the average oxidation state numbers of 
M and carbon respectively. Redox states of the other 
covalently bound elements are I + for H, II- for O, III-  
for N, V + for P and I- or 0 for S. During complete 

aerobic degradation redox states of N, S and C will 
change to V + ,  VI + and IV + respectively. Under anox- 
ic conditions CO2, N H ,  +, H S - ,  H 2, CH 4 and other prod- 
ucts still containing reduced C are formed. The number 
of electrons which can be transferred from the organic 
carbon is n = 4 - U where U is calculated by applying 
the rules developed in section 1.1.: 

U =  - ~ ( b - 2 c - 3 d + 5 e - f + g R + h ) .  

Fermentative breakdown of organic matter associated 
with hydrogen gas production, for example; is described 
by the stoichiometry: 

U I -  R +  h -  <Ca HbOeNdPeS f Mg > + zH20 

aC02 + yn+  + xH ~ + dNH,~ + eHPO 2= + fHS-  
+ g M  R + 

Expressions for the 4 unknowns z, y, x and U are ob- 
tained from balance equations for oxygen, charges, hy- 
drogen and electrons: 

x = �89 + b -  2 c -  3d + 5 e -  2 f +  gR + h) 

y =  - d + 2 e + f - g R - h  

z = 2a - c + 4e 

U = as outlined above 

The coefficients will be different, if other oxidation states 
are assigned to N and/or S. 
Nutrients released during mineralization serve to support 
growth. Gaseous and ionic products might influence pH, 
buffering capacity, solubility, ionic strength and redox 
conditions of  the habitat. By changing concentrations 
and activities of  solutes, microbes thus contribute 
through mineralization (and biosynthesis) to the regula- 
tion of thermodynamically governed reactions. 

Example: Applying the degradation scheme outlined 
above to the fermentative, hydrogenic breakdown of 
'resin', whose composition is given in table 2.1., the 
amount of  hydrogen gas produced per mol-equivalent of  
resin degraded can be determined from 

_[_ ('~U 1Ll O ]kl III - q V  + + 
~ " 1 9 x x 2 0 ~ ' 4 J ' "  1 ~"1 "]- + zH20 

19CO 2 + yH + + xH 2 + 1NH~ + I H S -  

with h = - ( - l )  ( = y )  

+ 2 0 - 8 - 3 + 5 - 1  
and U = = - 0.6842. 

- 19 

Oxidation states of N, present in quaternary ammonium 
groups, and of S, present in sulfonate groups, are III-  and 
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V + respectively. The values for y = 1 and z = 34 follow 
from charge and oxygen balances respectively, for x from 
the electron balance equation 

2x + 8 + 8 = 1 8 ( 4 -  U) + 8 + 1 

which yields x = 41 moles (equivalent to 0.919 Nm 3) of 
hydrogen gas r,or moI (=  358 g) of resin degraded. 

1.3 Application of thermodynamic laws to environmental 
processes 

The laws of equilibrium thermodynamics are applicable 
to closed systems with constant pressure and tempera- 
ture. Quantitative thermochemical values are most 
frequently listed for standard conditions of pressure 
(pO = 1.01325.105 Pa ~ 1 atm or 1 bar ~_ 105 Pa) and 
temperature (298.15 K) (tables A.1 and A.2). Applying 
thermodynamics to natural ecosystems requires due ap- 
preciation of these restrictions and proper corrections for 
deviations from standard conditions. 
The meaning of AH ~ AS ~ AG O and AGr will be dis- 
cussed for a few examples and the influence of microbial 
activity on certain state parameters (Q, lAP, Ks, pH, E 
and pe) and the corrections which need to be considered 
most often will be outlined in this section. Most of the 
reactions illustrating the discussion points are summa- 
rized in tables 1.3 and 1.4. 

1.3.1 Direction and likelihood of reactions. A reaction is 
termed exothermic if enthalpy escapes from the reaction 
system (AH, < 0); it is endothermic if enthalpy needs to 
be supplied (A H, > 0). Exothermic reactions are more 
probable since they tend to transfer enthalpy which is 
stored in the system to its surroundings. Endothermic 
reactions, on the other hand, increase enthalpy within the 
system, mostly as heat. Thus the formation of certain 
pure solid phases and molecular complexes increase the 
enthalpy of the system in which the reactions take place. 
The degradation of biomass and the decay of minerals 
can lead to an increase or a decrease in entropy 
(A S, = molecular disorder). Mineralization of certain or- 
ganic molecules and the formation of stable aquo-com- 
plexes from a few pure solid phases, are reactions which 
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decrease ASr and AHr of the system. Entropy changes 
associated with biomass formation depend on the kind of 
substrates used for biomass synthesis. 
The free energy difference (AG~) which describes in a 
single term the effects of enthalpy and entropy changes of 
a system is expressed by the free: energy equation: 

AG r = AH ~ - T - A S  ~ + R - T "  lnQ. 

The equation states that an increase in molecular disor- 
der of a reaction system is proportional to an augmenta- 
tion in Gibbs free energy. Free energy of a system (A G ~ 
is minimal, entropy is maximal and A Gr is zero once 'the 
system has attained equilibrium. In the free energy equa- 
tion above AG O = A H ~ - T .  AS ~ is formulated for 
standard conditions. Superscript and subscript indicate: 
o = reactants and products are in their pure state, present 
at a pressure of 1 atm if the reactants are gases or 1-molal 
concentrations if the reactants are solutes; r stands for 
reaction; it serves to distinguish A G O from AGf ~ wl~ich 
applies to the formation reaction from the elements, in 
their stable state and to the combustion reaction With 
oxygen. 
A positive value for A G O (endergonic) indicates that the 
reaction is improbable under standard state conditions in 
the stoichiometric direction for which A G O has been cal- 
culated. The reverse reaction ( A G ~  exergonic) 
would then be the favored one. Reactions are exergomc 
or endergonic depending on the magnitude and the sign 
of A H ~ and A S ~ Exothermic reactions always lead to 
exergonic ones if the system entropy increases (case A, 
table 1.2.). Exothermic reactions associated with an en- 
tropy decrease, however, can become exergonic or ender- 
gonic (cases B and C, table 1.2) depending on the magni- 
tude of the associated entropy changes. Dissolution 
reactions (table 1.3, reactions 32-35) are examples illus- 
trating case C. 
Entropy also increases if certain pure solid phases or 
complexes are formed from thermodynamically more 
stable dissolved species (the order of the system decreases 
in these cases). Examples listed in table 1.3. are the for- 
marion of carbonate minerals (reactions 11, 22-25 and 
28) and of pyrrhotite (reaction 20) from aquo-complexes, 
and certain complex-forming reactions for Ca z+ (reac- 

Table 1.2. Probabilities of reactions to occur. The influence of the sign of A H ~ and A S O on A G ~ 

Case if  A H ~ and A S O then A G O Conditions Overall reaction Examples 
(3) (4) (1), (5) according to AG o (2) 

A exothermic - + - always exergonic 
B exothermic - - - [ T .  A S~ < I A H ~ I exergonic 
C exothermic - - + [ T" A S~ > [A H ~ [ endergonic 

D endothermic + + + I T .  A S~ ~ < I A H~ endergonic 
E endothermic + + - [ T .  A S O [ > I A H~ exergonic 
F endothermic + - + always endergonic 

6, 7, 8, 10, 11, 12, 20 etc. 
2, 3, 9, 13, 17-19 etc. 
1, 5, 32-35 

14-16,  37 
22-25 ,  29 
4, 30, 31, 38 

(1) AG ~  ~  o 
(2) reference to reactions of  table 1.3. 
(3) + : system requires enthalpy; - : system releases enthalpy. 
(4) + : system entropy increases, - : system entropy decreases. 
(5) + : system requires energy;  - : system releases free energy. 
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Table 1.3. Thermodynamic coupling of selected redox-reactions (commented on in the text) 
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N r .  Stoichiometric reaction equation A H ~ A S ~ T .  A S ~ d G O 
[kJ /mol ]  [ J / K .  tool]  [kJ /mol ]  [kJ /mol ]  

6 
7 
8 
9 

10 
11 

12 
13 

14 CTHatg) + 7 H 2 O a )  
15 CTHstg ) + 14H20(~  ) 
16 C H 3 C O O ~ q  ) + 2 H z O ( l  ) 
17 FeO(OH)(~) + 1 e~) + 2 H(+~q) 
18 SOaZ~q) + 8e~) + 9H~q)  
19 Oz~,) + 4e~)  + 4 H(aq)+ 

2 0  HS~q) + F e ( O F I ) ~ )  

21 HCO3(aq  ~ 
122 C z+ 2 -  a(aq) + CO3(aq ) 
. M 2+ 2 -  23 g(nq) + CO3(atl) 

e 2 + 2 -  '24 F ~ql + CO3(~q~ 
2+ 2 -  25 Mn(,q) + COa(~q ) 

26  Ca(HCO3)(+aq) 
27 Ca(aq)2 + + HCO3(aq)  

28 Ca(OH)(+q) + HCO~-~.~) 
29 C a  z + (,q) + OHm,  o 
30 CaZ+(aq) + H 2 0 0 )  
31 H~O0) 
32 C a S O . , a  ~ (Anhydrite) 
33 CaSO.~ �9 2 H20(~) (Gypsum) 
34 CaMg(CO3)2(~)  (Do lomi t e )  
35 C a C O 3 ~ )  (Aragonite) 

36 4 C O 2 ( a q  ) + 17e~) + 17 H(+q) 

37 2~" C~-I3COO,aq) + 28 ~-l(:q, 
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C~Hs~.) + 8 F e O ( O H ) ( . ) +  4~2 H(~a, ~ 3 �89  + 8 F e ( O H ) ( + q ) +  H20( I  ) 
C~Hs(g  ) + 36 FeO(OH)( . )  + 36 H(*.q) - - +  7 CO2( .q  ) + 3 6 F e ( O H ) ~ q )  + 22 H2Oo)  

C7][-[s(g ) + 902(aq )  ~ 7 C O 2 ( a q  ) + 4 H 2 O o )  
C-1Hs(g ) + 2 CO2(,,q) + 5 H 2 0 ( l  ) - -~  4~21CH3COO(~q) + 4~21H~q ) 

1 + C-~Hs(g ) + 1 S O ~ , a  ) + 3 H2Oo)  - -*  3�89 + 1HS(~q) + 2~-H(~,o 
CH3COO(~q) + 1 SOZ(~q) + 2H(:q) - -+  2CO2(~q ) + 1 HS(~q) + 2 H 2 O o )  

C~Hs( , ,  + 4 � 8 9  + 4~ , ; 0  ) ~ 7 C O 2 , . q ) +  4 � 8 9  + 4 H ~ O 0 ,  
+ 0 2 HS(~q) + 2 FeO(OH)(~) + 3 H(+.q) --- ,  FeS(~) + F e  (OH)( , , )  + S(s ) + 3 H 2 0 ( t  ) 

(Reaction 5) + 5" ( R e a c t i o n  8) 
(Reaction 7). + 2�88 ( R e a c t i o n  8) 

Fe(OH)(,+q) + 1 HCO~(a~ ~ --- .  F e C O 3  (~) + H 2 0 0 )  
(Reaction 7) + 2�88 ( R e a c t i o n  8) + 2 � 8 8  11) 
(Reaction 5 ) +  � 8 9  8) + ~ '  ( R e a c t i o n  11) 

39 

40 0 .56273"  ( R e a c t i o n  7) 

- -~  3 � 8 9  ~ + 8e(~  + ll~H(.q)a + 

- - *  7CO2(aq  ) + 36 e(~) + 36 H(+q) 
- -~  2 C O  2 (aq) + 8 e~) + 7 H(+q) 
- - - ,  F e ( O H ) ( + q )  + H20( i  ) 

HS(~q) + 4 H 2 0 0 )  

- -~  2 H2Oo)  

---* FeS(s) + H 2 0 0 )  
2 -  + CO3(aq ) + H(~q~ 

- ~  CaCO3~)  (Calcite) 
M g C O  3 (~) (Magnetite) 

- -~  F e C O  3 (~) (Siderite) 
- -o  MnCO3(~) (Rhodochrosite) 

C a C O  3 (~) + H(+~q) 
Ca(HCO3)~+qj 

- -~  CaCO3(~) + H2Oo)  
~ - ,  Ca(OH)t+,a) 

+ + 
Ca(OH)( ,q)  + H(.q) 

~ _ ~ H  § (,q) + OH~q)  
C ~2+ ~(.q) + SO~-~q) 

- - ,  C a ( ~  + SO2~q) + 2 HzO(,  ) 
C n 2 +  2+ 2 -  ~(.q) + Mg(,q) + 2 CO3(aq ) 

- -*  ( C 4 H 7 0 3 ) ( ~ )  + 5 HzO0)  

1 3 ( C n H 7 0 3 ) ( g )  + i C O 2 ( , q )  + i H 2 0 ( i )  
-~ (Reaction 36) + 2 ~ - ( R e a c t i o n  16) 

3!~ C v H  8 (g) + z s  I 1 TgCO2(,q) + l i ~ H 2 O o )  ~ - ,  (C.rHTO3)(g) 
( R e a c t i o n  36) + ~ .  ( R e a c t i o n  15) 

(Reaction 38) + 0 . 5 6 2 7 3 - ( R e a c t i o n  7) 

-- 169.39 - 717 .9  - - 2 1 4 . 0 4  + 51 .65  
- -  799 .39  - -1429 .1  - - 4 2 6 . 0 9  - -  373 .3  
- - 3 9 8 4 . 4 9  - 215 .0  - -  64 .10  - - 3 9 2 0 . 3 9  
+ 19.61 - 514.7 - - 1 5 3 . 4 6  + 173.1 
- -  1.59 - 182.3 - 54.35 + 52 .76  
- -  21.2  + 332.4  + 99.11 - -  120.30  
- 75.79 + 981.1 + 292.51 - -  368.3 
- 129.0 + 13.2 + 3 .94 - -  132.94  

- -  66.09 - 175.7 - 52.38 - -  13.70 
- -  366 .04  + 1 0 1 0 . 8  + 3 0 1 . 3 7  - -  667.41 

- -  9.7 + 100.6 + 29.99 - -  39.7 
- -  387 .86  + 1 2 3 7 . 1 5  + 3 6 8 . 8 6  - -  756 .72  
- -  70 .94  - -  125.4 - 37.39 - -  33.55 

+ 249.61 + 15.7 + 4.68 + 244.93  
+ 1 0 5 4 . 6 1  + 1 8 7 2 . 1  + 5 5 8 . 2  + 496 .4  
+ 230.0  + 530.4  + 1 5 8 . 1 4  + 71.86 
- 75.7 - 167.4 - 4 9 . 9  - 2 5 . 8  

- 251 .2  - -  198.0  - -  59.03 - 192.2  
- -  571.6  - 326.0  - -  97 .20  - -  474 .4  

-- 43.9  + 96.4  + 28 .74  - -  72 .64  
+ 14.9 - 148.1 - 44.15 + 59.05 

+ 13.0 + 202.9  + 60,49 - -  47 ,49  
+ 48.1 + 260.7  + 77.73 - -  29.63 
+ 25 .6  + 286.8  + 85.51 - -  59.91 
+ 3.7 + 216.3  + 64.49 - -  60 .79  

+ 16.2 
-- 4.5 

- 36.4  + 86.2 + 25.7  - -  62.1 
+ 8.5 + 49 .2  + 14.67 - 6 .17 
+ 64.3 - 31.4 - 9 .36 + 73 .66  
+ 55.8 - 80.6  - 24.03 + 79.83 
- 18.3 - 141.0 - 42 .04  + 23 .74  
- 1.4 - 88.6  - 26 .42  + 25 .02  
- 37.5 - 460 .2  - 1 3 7 . 2 1  + 99.71 
- 12.8 - 198.7 - 59 .24  + 4 6 A 4  

- 293 .56  - 893.65 - 2 6 6 . 4 4  - 27 .12  

+ 195.19 + 233 .45  + 69.60 + 125.59 

+ 204 .45  - 9.6 - 2 .86 + 207.31 

+ 161.8 + 542.5  + 1 6 1 . 8  0 

- 42 .6  + 552.1 + 1 6 4 . 7  - 207.31 

Standard conditions: T = 298.15  K ,  p = I a t m ,  concentration = 1 - m o l a l ,  p H  = 0, I = 0 

tion 29). The carbonate precipitation reactions lose en- 
thalpy (A H, > 0) and are associated with an increase in 
the systems entropy (A S~ > 0) which amounts to a de- 
crease in molecular order. At first this might be surpris- 
ing, since crystals are highly ordered structures. But the 
dissolved aquo-complexes are even more highly ordered 
molecular entities than the corresponding solid carbon- 
ates. The formation of aquo-complexes of  Ca 2 +, Mg: +, 
Mn 2+, Fe 2+ and CO~- from the elements in their stable 
standard states is associated with an entropy decrease 
(Sf ~ < 0, table A.1) while the formation from the ele- 
ments of  the corresponding mineral phases leads to an 
entropy increase (Sf ~ > 0). The formation of  the solid 
mineral phases from the aquo-complexes (reactions 2 2 -  

25, table 1.3) are thus associated with an entropy in- 
crease (A S o > 0). Larger values of  A S O subtracted from 
A H ~ lead to more negative values for A G ~ The precipi- 
tation reactions are exergonic and remain so as long as 
IT" ASr] > ]AHr] (case E, table 1.2). 
The endothermic dissociation reactions of  other com- 
plexes (reaction 30) and of  water (reaction 31) (case F, 
table 1.2) and the exothermic dissolution of sulfate and 
carbonate components of  the solid habitat matrix (reac- 
tions 32-35,  table 1.3., case C, table 1.2) lead to a de- 
crease in entropy and, for all cases mentioned, to ender- 
gonic reactions. 
The extent of  degradation and the oxidant employed 
determine the likelihood of  reactions to occur and the 
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free energy gain for standard conditions. Reactions 1-7  
(table 1.3) illustrate these points. Incomplete degradation 
of toluene with various oxidants under anoxic conditions 
is endergonic (reactions 1, 4, 5). Complete anaerobic 
degradation (reactions 2, 6, 7) is exergonic. Employing 
oxygen as the electron acceptor (reaction 3) leads to a 
greater than tenfold increase in A G ~ If endergonic reac- 
tion 5 is coupled to exergonic reaction 8, which describes 
the sulfidation of ferric(hydr)oxide, the incomplete deg- 
radation reaction can become exergonic (reaction 9). 
Coupling two or more exergonic reactions makes A G ~ of 
the overall reaction more negative. The conversion de- 
scribed by the coupled reactions becomes more favor- 
able; reaction 10 is given as an example. 
In a closed system, endergonic reactions 32-35 could 
proceed in the dissolution direction only if coupling them 
to mineral-consuming degradation reactions (e.g., sulfate 
consumption for the cases of gypsum or anhydrite disso- 
lution) would make exergonic overall reactions. A G O for 
toluene degradation by sulfate reducing bacteria (reac- 
tion 7) can be more than doubled (reaction 12) under 
conditions which lead to the concomittant precipitation 
of pyrrhotite (reaction 8) and siderite (reaction 11). In- 
complete degradation of toluene (reaction 5) will become 
exergonic when coupled under similar conditions (reac- 
tion 13). 
If dissolution processes occur uncoupled from biological 
reactions (e.g., acid catalyzed dissolution of carbonates) 
they might put a halt on microbial activity by making 
environmental conditions thermodynamically unfavor- 
able and physiologically inhibitory. Precipitation, disso- 
lution and complex-formation coupled with degradation 
can thus increase or decrease the probability for biologi- 
cal degradation reactions to occur. 
Overall reactions can be dissected into electrochemical 
half-reactions. Oxidation half-reactions listed (14-16 
table 1.3) are formally endergonic, reduction half-reac- 
tions (17-19) are exergonic at standard conditions. The 
formalism of half-reactions is helpful for thermodynamic 
evaluations involving several reaction combination pos- 
sibilities. I have also applied the formalism of half-reac- 
tions to describe redox-potentials (E) and electron-activ- 
ity (pc) as environmental state parameters (see 1.3.7). 
Thermodynamic analyses of individual reactions and 
half-reactions may be coupled in various ways allowing 
one to design scenarios and make predictions about the 
kind of reactions that can take place, the direction in 
which they will proceed, the likelihood of their occur- 
rence and possible alterations of environmental condi- 
tions. Some of these points will be discussed in the fol- 
lowing paragraphs. 

1.3.2 Microbial alteration of A G,. The free energy of re- 
action (A Gr) is contained in its reactants. Quantitatively 
it is the difference between the free energy of formation 
(Gf ~ of the products (P) and of the substrates (S) under 
non-equilibrium concentration conditions (neq) dimin- 
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ished by the free energy of formation contained in the 
reactants under equilibrium concentration conditions 
(eq): 

A G, = (A Gf~ - (A Gf~ 

with A Gf  ~ being defined as: 

A Gf ~ = E v) Gf~  - Z vl Gf~ 
j i 

The differences of the free energy of formation (A Gf  ~ 
are proportional to the activity ratios of the reactants: 

H 
(,4 Gf~ = R" T" In J 

r I  {si.o.} vt 
i 

- R - T ' l n Q  

rI {Pjoq}Vj 
(A G f ~  = R .  T - i n  J 

II {Sioq}Vi 
i 

R �9 T �9 In Keq 

(vj. i are stoichiometric coefficients, P and S designate 
products and substrates respectively and Keq = K~ 
A Gf thus becomes: 

AG r = R .  T .  l n Q -  R .  T .  InK ~ (1) 

A Gr = R" T" In KQ---6 (2) 

The reaction is exergonic as long as A G, < 0, which is 
fulfilled for Q/K ~ < 1. Equilibrium is characterized by 
A Gr---0 or Q = K ~ For Q / K ~  1, the reaction be- 
comes endergonic (A G r > 0). Equation (1) is stated more 
frequently in the form 

AGr = AG ~ + R - T . l n Q  (3) 

This implies that a reaction system which is not in the 
equilibrium state will release energy until equilibrium is 
attained (A G, = 0, A G O = - R. T.  In K~ Microorgan- 
isms harvest portions of the free energy of reactions for 
biosynthesis and cellular work. By changing concentra- 
tions of reactants as a consequence of metabolic conver- 
sions, microbes influence Q and thus the direction of 
reactions. An example is acetogenesis from propionate: 

CH3CH2COO(~q) + 3 H20(I ) 

CH3COO(~q) + HCO3(aq ) + 3 H2(aq) + H(+q) 

The reaction is endergonic under standard conditions 
(AG O = + 169.2 [kJ/mol], K ~ = 2.2791 �9 10-3~ For 
the boundary conditions: pH = 7.5, [HCO3-(aq) ] 
= 2 .1 0  -2 [mol/1] remaining constant, initial acetate 
concentration = 10-6 [mol/1] and initial propionate con- 
centration = 10- 3 [mol/1] (neglecting activity correc- 
tions) applied in conjunction with equation (2) the reac- 
tion becomes exergonic if [H2(aq)] < 1.533 �9 10-6 [mol/l] 
which corresponds to PH~ = 1.857.10-3[atm]. Since 
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other microorganisms scavenge H 2 thus maintaining its 
concentration below the thermodynamic threshold value 
of  1.533 �9 10 -6 [mol/1] propionate degradation is more 
favored. I f  [H2(~q)] is kept at 10 -7 [mol/1] by sulfate re- 
ducing bacteria living in close ~ssociation with the 
propionate oxidizers, AGr becomes - 20.302 [kJ/mol]. 
A t  1 0 - 9  and 10 -a2 [mol/1] H2, AG, is - 5 4 . 5 5 0  and 
- 105.922 [kJ/mol] respectively. At  pH = 12 and 
10 - 9  [tool/l] H2, A Gr of  the proton producing reaction 
above decreases to - 80.236 [kJ/mol]. 
All reactions discussed in this review are assumed to take 
place in dilute aqueous solutions. The concentration of  
water is 55.51 [mol/1]. It remains unaltered even under 
conditions where H 2 0  is a substrate or a product of  the 
reaction. The activity o f  water is I and can be included in 
the operational equilibrium constant. K ~ calculated from 
AG ~ is thus defined for ionic strength I = 0. Deviations 
from this convention (i.e., elevated solute concentra- 
tions = lowered water availability) require that the equi- 
librium constant be corrected by the terms discussed in 
the section on solubility products (see 1.3.5). 

1.3.3 Effect of temperature on AGr. The Gibbs free ener- 
gy change of  a reaction taking place at an actual temper- 
ature (Tact) which is different from the standard reference 
temperature (Tref) can be calculated with the solution to 
the Gibbs-Helmholtz equation 

d G O Tct 0 T,~, HO Tre f - Tac t 
, . = AGr, .U~ f "Tre~ + A r,T,~f T ,  ef (4) 

The corresponding equilibrium constant at Tac , is derived 

from 

A G o = - 2.3026 �9 R �9 T~, �9 log K~ r, Tact 

which gives 

o 
pKO ' = pKrO r q A Hr, x~,~ T~a - Tact (5) 

2.3026' R Tra 'Tar  t 
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In turn the value for the second dissociation constant 
increases from pK2~ = 10.345 to pK~ = 10.533. 
The thermodynamic solubility product  for calcite at 5 ~ 
calculated from the values of  reaction 22 (table 1.3) in- 

0 0 creases by 46% from K s / 2 9 8  = 4.788-10 -9 to K,/27s 
= 6.982. 10 - 9  which indicates that calcite is slightly 

more soluble in low temperature environments. 

1.3,4 Effect ofpH on A Gr. Under  certain circumstances 
it is more appropriate to define reference conditions for 
proton producing and consuming reactions for a pH-val- 
ue different from 0. 
The Gibbs free energy change of  a reaction with all reac- 
tion partners, except protons, kept at their equilibrium 
conditions is labelled A G ~ It is calculated for a proton 
producing reaction 

SHq "r S q - -[- q " H + 

from 

AG o' = AG o + R" T - I n  { s q - } '  {H+}qct 
{ S U q }  (6) 

Since {S q-} and {SHq} do not change at standard state 

conditions, equation (6) reduces to 

AG O' = AG O + R .  T - l n  {H+}qct 

which is 

AG o' = AG ~  2 . 3 0 2 6 - R - T - q  'pHact (7) 

(q always stands for the number of  H + exchanged; it is 
+ if protons are produced and - if protons are con- 
sumed). 
For  reactions under alkaline conditions, which might be 
created by the cement of  the nuclear waste solidification 
matrix, it is more appropriate to evaluate the processes 
with standard free energy changes defined for the appro- 
priate alkaline pH. 

The solutions assume that temperature changes within 
the physiological temperature span do not influence A H ~ 
markedly. 

Example." With the values for A G o and A H ~ for the 
dissociation of  water at 298.15 K (reaction 31, table 1.3) 
one calculates pK ~ = + 13.9855. AG o and pK ~ for 
T = 5 ~ are calculated with equations (4) and (5) respec- 
tively: 

AG~ = + 78.218 [kJ/mol] 

o pKw/27 s = 14,688 

The example illustrates that the water dissociation reac- 
tion becomes less endergonic at lower temperatures. Sim- 
ilarly, a temperature decrease from 25 ~ to 5 ~ makes 
the dissociation reaction o f  bicarbonate (reaction 21, 
table 1.3) less endergonic ( +  59.05 vs + 56.09 [kJ/mol]). 

Example: The exergonic sulfate-reducing half-reaction 
(18 in table l.3, AG~ = - 1 9 2 . 2 k J / m o l )  will 
change into a strongly endergonic one at pH 12 
( + 424.3 kJ/mol). Acetate oxidation (16 in table 1.3), an 
endergonic half-reaction at pH 0 will become exergonic 
at pH 12 (AGrpn=12~ = _ 407.618 kJ/mol). The coupled 
proton consuming reaction (16 + 18) which is exergonic 
for standard conditions at pH 0 ( - 120.34 kJ/mol) turns 
into an endergonic reaction at pH-values above 10.54. 

Thus protons released or taken up by microbially medi- 
ated processes, regulate the course of  reactions by alter- 
ing AGr. AGr expressed as a function of  pH is: 

AGr = AG O + 2.3026- R .  T-  ( logQ'  - q -  PHac,) 

or (8) 

AG~ = 2.3026 �9 R-  T �9 (pK ~ + logQ'  - q �9 pHact) 
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i 

1.3.5 Influence of microbial activity on sotubility products. 
In biosynthesis and degradation microorganisms con- 
sume and produce dissolved ions. Thereby, the microbes 
alter the ionic composition of the environment. As a conse- 
quence ion activity products (IAP) and ionic strength (I) 
change which in turn affects equilibrium coefficients. 
For the dissolution of a solid XxYy~) into its ionic prod- 

yq- x-- .  
uc ts  X(aq) and Y(aq).  

y+ x+ XxYy(s ) <=> x "  X(aq) -4- y "  Y(aq) 

the equilibrium for standard conditions is 

Keq ~ K ~ = {X}X" {Y}y 
{XxYy} 

{ } designate activities. Subscripts and superscripts for 
charges and states are omitted for clarity. The activity of 
the solid phase is unity and the thermodynamic solubility 
product becomes thus K ~ = {X} x" {Y}L For practical 
purposes the thermodynamic solubility product (K ~ is 
equal to the operational solubility product for standard 
conditions (esp. I = 0). 

K ~ = [X]X �9 [Y] y (9) 

([] designates concentrations.) 

K ~ and K ~ are calculated from A G O = - R '  T" In K ~ 
For reaction conditions in aqueous solutions, standard 
conditions are by convention those for which ionic 
strength and pH are 0. For conditions of I > 0 (but oth- 
erwise standard conditions), an actual solubility product 
is defined by 

K', = [X] x. f~. [YlY .fY (10) 

fx and fy account for the activity changes of X and Y in 
a medium of I > 0. The actual solubility product thus 
becomes: 

K'~ = K ~  f~ .fyr (11) 

Equation (11) can be transformed and written in the 
general form: 

pK's = p K ~  log (jI~ ~ J ) -  p K ~  ~ vj log fj J (12) 

(j stands for the ionic reaction products, vj designates 
their stoichiometries.) 
Introducing activity correction factors (fj) derived with 
the extended Debye-Hfickel expression for ions in 
aqueous environments 1 s 
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- (13) logfj = A" z 

1 + aj. B . V / ]  

(with zj = charge, a s = ion size Parameter, A and B are 
parameters which depend on temperature and on eT, the 
temperature-dependent dielectric coefficient of water and 
I is ionic strength) into equation (12) gives 

. . z .  w / ~  ( 1 4 )  PK's=PK ~  A zj 
J 1 + a j . B . v / ]  

(pK ~ can of course be replaced by A G~ �9 R .  T). 
The operational solubility constant (K ~ = 10 -pKs~ de- 
creases with increasing ionic strength, thus actual solubil- 
ity decreases. Microorganisms which consume or pro- 
duce ions which are not reaction partners in the precip- 
itation or dissolution reactions still influence these reac- 
tions by altering the ionic strength of the medium. 

Example." A decrease in the ionic strength measured 
for example as conductivity decrease in the epilimnion 
during photosynthesis from 1.5.10 -2 mol-equivalents 
to i0 -z  mol-equivalents increases K ~ for calcite dissolu- 
tion (reaction22 in table1.3) from 1.835.10 -9 to 
2.135 �9 10 -9 (K ~ is 4.789 �9 10  - 9  for I = 0). 

1.3.6 Influence of microbial activity on ion activity prod- 
uct ( lAP).  The role of microbes influencing precipitation 
and dissolution reactions by altering the concentration 
of reactants is illustrated with the formation of siderite 
(FeCO3) which can take place in reducing environments. 
Siderite formation under standard conditions (reac- 
tion 24, table 1.3) has an operational solubility product 
K ~ of 3.1935- 10-11 (for I = 0). The precipitation reac- 
tion is exergonic, above all due to the large entropy in- 
crease. The saturation concentrations for  COl -  and 
Fe z+ for the 1:1 stoichiometry in siderite are thus 
5.65.10 -6 [tool/l] each. Dissolution or precipitation of 
siderite in an active habitat depends on the ratio of the 
actual ion activity product - valid for actual conditions 
of ionic strength - to the actual solubility product: 

AGr = R" T" In {Ve2+}a~'" {CO~-}a~t 
{FeE+}eq { C O 2 -  }eq 

= R "  T . l n  IAP ( 1 5 )  
K's 

Dissolution of siderite requires that reaction 24 (table 
1.3) proceeds from right to left exergonically. The 
boundary conditions for this reverse reaction are: 

for dissolution: IAP/K's < 1 (A Gr < 0) 
for precipitation: IAP/K's > 1 (A Gr > 0) 
for saturation equilibrium: IAP/K' s = 1 (A G r = 0)  

Microbially mediated addition of Fe2+-species to the 
habitat through ferric(hydr)oxide reduction (e.g., reac- 
tions 1, 2, 8, 9, 10 or 17 in table 1.3) will promote siderite 
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formation. Uninhibited precipitation would require 
IAP < 3.1935" 10 -11 [molZ/lz]. By supplying reactants 
the microbes make the dissolution reaction more ender- 
gonic. 
The amount  of  carbonate in a habitat is regulated by the 
pH and by the amount  of  CO2 produced during mineral- 
ization o f  organic matter. Siderite formation is thus also 
controlled by the bicarbonate-carbonate equilibrium. 
Combining reactions 21 and 24 (table 1.3) we get 

2+ + Fe(aq) + HCO3(aq  ) ~ FeCO3(~) + H(aq) 

A G ~ is - 0.86 [kJ/mol], precipitation is thus slightly fa- 
vored at standard conditions. The thermodynamic solu- 
bility product for the dissolution reaction from right to 
left is K ~ = 0.7069. Decreasing the proton concentration 
on the right hand side of  the reaction to pH = 8 changes 

K 0 A G ~  - 4 5 . 6 6 5  [kJ/mol] and p s, calculated from 
AG o = - 46.525, becomes thus - 8.1507. At pH = 8, 
equal concentrations of  2+ [Fe(aq) ] and [ H C O 3 ( a q ) ]  of  
> 8.4075 �9 10-s  [tool/l] will lead to precipitation of  sider- 
ite. Since the concentration of  bicarbonate ions is influ- 
enced by the release of  CO z stemming from the mineral- 
ization of  organic substrates the actual bicarbonate 
concentration is calculated from the total content of  dis- 
solved inorganic carbon (CT), the pH, the I and the T- 
corrected dissociation equilibrium constants (K~, K~). 
For  the hydrogencarbonate buffer system one calculates 
HCO~- according to 

K'al �9 1 0 - P H  
= (16) [ H C 0 3 1  [CT] 10-2pH nt_ K 'a l -  10-P n + K'al " K'a2 

The precipitation criterium for siderite for actual envi- 
ronmental conditions becomes: 

[Fe(Za+)]" fvc~+) " [Cr]" IO-P" �9 K'al " fHCO3,aq, 
IAP/K'~ = 

K '  s �9 (10 -2oH + K',, " 10 -oH + K',I �9 K 'a2)  

Thus microorganisms regulate dissolution/precipitation 
reactions on three levels: 
1) By producing or consuming reactants, thereby vary- 

ing lAP directly. 
2) By producing or consuming other ions, thereby alter- 

ing ionic strength. 
3) By producing or consuming protons, thereby chang- 

ing acid-base equilibria which are linked to ion species 
distribution. 

1.3.7 Influence of  microbial activity on redox conditions. 
In metabolic oxidation-reduction processes microbes 
transfer electrons from a reductant (substrate) to an oxi- 
dant (substrate). The direction of  electron transfer is also 
governed by laws of  thermodynamics. The actual path of  
the electrons becomes more apparent if the overall trans- 
fer reaction is separated into two half-reactions. In the 
oxidizing half-reaction electrons are released, in the re- 
ducing one they are scavenged. By convention, electrons 
which are given off by the oxidative half-reaction have a 
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negative sign, electrons which are consumed by the re- 
ductive half-reaction have a positive sign. The electro- 
chemical potential (E) which is created in an electron 
transfer reaction between electron donor  and electron 
acceptor is related to the Gibbs free energy of  reaction 
for standard conditions by 

AG ~  - n - F . E  ~ (18) 

(n = number of  electrons exchanged, F = Faraday 's  
constant = 96.48531 [kJ/V. mol], E ~ = standard elec- 
trochemical reference potential [V]). 

For  a reaction not at equilibrium, for which the free 
energy of  reaction can be written as 

AG r = AG o + R - T .  l n Q ,  (19) 

the actual electrochemical potential is related to A Gr by 

- A G r  
AG r = - n . F . E  or E -  (20) 

n - F  

Combining eqs (19) and (20) leads to the Nernst equa- 
tion: 

--AG~ ~ R - T  R ' T  
E . . . . .  l nQ = E ~ - - - .  lnQ (21) 

n . F  n . F  n . F  

which, when expressed with the equilibrium coefficient 
gives 

R �9 T K ~ 
E = - - .  I n - -  (22) 

n . F  Q 

Example. E for reaction 18 (table 1.3) is obtained from 
the Nernst equation: 

-- A G O R '  T {8S(aq)} �9 {820(1)} 4 
E . . . . .  In + 9 (23) 

n '  F n - F  {SO1(aq)}  " {e(~q)} 8 '  {H(aq) } 

expressed as f (pH):  

2.3026 �9 R .  T 
E = E ~ - �9 (9 . p H  + logQ')  

8 . F  

with log Q' = log [{HS~q)} �9 {SO2('aq)} - 1 .  {e(~q)} - 8]. 
For  standard state conditions of  temperature and pres- 
sure and unit activity for water, S O ] - ,  H S -  and elec- 
trons, equat ion (23) becomes 

E ~ = E ~ - 0.06656 �9 pH (24) 

Increasing pH reduces standard electrochemical poten- 
tial (E ~ in proport ion to the number of  protons ex- 
changed (q) and the actual pH for an electron consuming 
reaction. A general formulation for E ~ as a function o f  
pH  ( =  E ~ is 

E0 ' = EO . . . .  2.3026 - R .  T q pHact (25) 
F n 

for T = 298.15 [K] and unit activity for all reactants ex- 
cept protons:  



656 

E ~ = E ~ - 0 . 5 9 1 6  �9 q -  pHar t 
n 
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Q'r~a/o,, = Q" {H+} q" {e-}" and 

and for disequil ibrium condit ions:  

- 2.3026 �9 R �9 T 

n . F  
(pK ~ + log Q' - q �9 pH~r (26) E = 

Q = 

1~ {Pjred} vj 
J 

{H+} q '  {e-}" �9 [ I  {S'i~ ~' 
i 

Equat ions  25 and 26 are the basic relat ionships used for 
the construct ion of  E /pH diagrams. They define the ther- 
modynamic  characteristics of  a redox react ion within 
boundar ies  of  p H  and electrochemical potential .  
Microbial ly  mediated reactions are limited to a stability 
field confined to the pH-range  1 to 14 and limited in the 
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(29) 

E-coordinate  by the stabili ty functions of  water. 
The boundary  reaction on the oxidized side: 

1 / 2  H 2 0(1 ) ~ 1 /4  0 2 (g) qt_ H(+q) _1_ e~)  

is described by the equat ion:  

E ~ = 1.229 - 0.05916 �9 p H  

and on the reduced side by 

e~) + H20(I ) ~ 1/2 H2(g ) -[- OH(~q) through 

E ~ = 0.0 - 0.05916 �9 p H  (for T = 298.15 K). 

F E ~ q" pH __.1  , 
pe = 2.3026 �9 R .  T - n n logQrea/ox (30) 

(27a) E = 2.3026 �9 R �9 T 
F -pc  [V] (31) 

or for the conversion of  pc-units into volts by 

(R in [kJ/K - mol],  T in [K], F in [kJ/V �9 mol]) 

(27b)  which gives a conversion factor applicable at 25 ~ of  

Equat ion 27 a describes the thermodynamic  boundary  of  
the E/pH-field below which gaseous O z present in the 
solution is reduced to water.  The straight line which fol- 
lows from equat ion 27b is the boundary  above which 
gaseous H z in the solution is oxidized to water.  
Redox condit ions in a habi ta t  can also be characterized 
using the pc-formalism. The concept  summarizes elec- 
t ron activity of  donor  and acceptor  reactions in a single 
term (pc = - log{e-}).  Habi ta t s  with large positive pc- 
values express electron acceptor  tendency; they are 
strongly oxidizing. Low and negative values for pe are 
characterist ic of  reducing habi ta t  conditions.  

Microbial ly  mediated electron transfer reactions are con- 
ceptually again divided into an electron donor  and an 
electron acceptor  reaction. Surplus negative charges are 
balanced with protons.  A pc-value can then be assigned 
to each half-reaction. F r o m  a generalized reduction half- 
react ion like 

Aox + n �9 e -  + q �9 H + ~ Bre d, 

treated like an equil ibrium reaction with 

K ~ = {Bred} 
{Aox}" {e-}"" {n+} q 

pe is derived as 

1 q . 
pe = - .  log K ~ + - - l o g  {H+} --  _1 log {Br~d~} (28) 

n n n {Aox } 

in which l / n  �9 log K ~ is chosen as reference state (pc~ 
pe then becomes:  

p e  = pe ~ - q .  p H  - 1_. log Q'rea/ox with 
n n 

E = 0.05916 . p e  [V] (32) 

E is connected with the Gibbs free energy of  reaction via 
the relationship A G O = - R - T �9 In K ~ 

pe . . . .  q . p H  - log Q;ea/o (33) 
n 2.3026" R ' T  

The pe-concept  is easy to use since it does not  mat ter  
whether a half-reaction is looked at in the oxidizing or in 
the reducing direction. Solutions for pe include the + or  
- sign for electrons and protons.  Fo r  aqueous environ- 

ments  pe, like E, are applicable up to the stability 
boundaries  of  water. F o r  the oxidizing extreme of  the 
reaction 

�89 ) + 2e~) + 2 H~+,q).~ H20(l ) 

electron activity becomes 

pe =3x . l o g K  ~  p H  +zx . l o g { 0 2 } .  (34) 

Fo r  s tandard  condit ions o f  p H  = 0 and O2-pres- 
sure = 1 atm, p K  ~ for the reaction above is - 41 .555 .  
The stability function which describes the oxidat ion of  
water  to 0 2 for  variable pH-values  is thus 

pe = 20.778 - p H .  (35) 

An  oxygen par t ia l  pressure o f  10 -6  [atm] at p H  = 7 still 
corresponds to a pe of  12.28 ( =  + 0.726 [V]) and the 
oxygen par t ia l  pressure would have to be lowered to 
10 -83"134 [atm] to a t ta in  pe = - 7. F o r  the reducing ex- 
treme of  water stability, the reaction 

H20(I ) + 2e~) + 2 Htaq) Hz(g ) + H200) 

pe is a function o f p H ,  the reactant  concentrat ion and the 
equil ibrium constant .  Its value can be altered by the 
many  microbial  processes outl ined above which influ- 
ence these variables directly or indirectly. 
Electrical potent ial  and pe are connected by the expres- 
sion 
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simplifies to 

l_./+ _.. .+11./  

The reduction of water is described by the function 

pe = - pH (36) 

which follows from the equation 

pe = log K ~ -- pH - �89 { H 2 }  (37) 

for standard conditions of {H~} = 1 [atm] 

AG o = 0 and hence pK ~ = 0. 

When the hydrogen partial pressure is diminished from 1 
[atm] to 10-~2 [atm], pe increases from - 7 ( -  0.414 [V]) 
to - 1 ( -  0.0592 [V]) for a pH of 7. 

Example: Acetotrophic sulfate reduction in the pH- 
range 0-14.  
Electron activity for the sulfate reducing half-reaction 
(table 1.3, reaction 18) is 

1 (1 K ~ lo {ST(~q)}"l (38) p e = ~ "  og - 9 . p H -  g ~ )  

(ST = [HzS] + [HS-] + [S2-]; 
LT = [H28041 + [HSO,[] + [SO]-])  

and pe for the acetate oxidizing half-reaction (table 1.3, 
reaction 16) is 

pe ~ ' - l o g K ~  "] (39) 
= ) 

(R T = [CH3COOH ] + [CH3COO-]; 
CT = [HzCO~ <] + [HCOj] + [CO]-],  HsCO* includes 
true H~CO3 and dissolved CO~(:q)) 

Nine equations for Q',=a/ox are required to describe the 
entire pe/pH stability field for acetotrophic sulfate reduc- 
tion if it is extended to include the various species of the 
acid-base-pairs of electron-acceptors and donors and 
their products. Equations which apply most appropriate- 
ly to pH-values around 8.5 are 

pe = 4.207 - 1.125- pH -- log {Oz" LT} (40) 

(Ya and 02 = acid-base distribution coefficients) 

Figure 1.2. a) Electron-activity diagram (pe/pH) for acetotrophic sulfate 
reduction at 25 ~ Oxidizing and reducing boundaries of the stability 
field for water are drawn for 1 arm pressure of H 2 and O z .  Other 
boundary conditions are (in [mol/1]) L r = 10 -3 ,  S T = 10 z, CT = 10-2 
and RT = 10 -6.  The vertical lines represent the pKa-values for the acid- 
base-pairs of electron donor and acceptor and their respective products. 
b) Concentration distribution of the electron-acceptor species (Lr) and 
their products (ST) for the pH range 0 - 1 4 ,  (total concentrations as in (a). 
c) Concentration distribution of the electron-donor species (RT) and their 
products (CT) for the pH range 0-14 ,  (total concentrations as in (a)). 
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for sulfate reduction and 

{E: 1 " RT}  
pe = 3.162 - 1.125. pH - log {st �9 CT} 2 (41) 

(~ and a~ = acid-base distribution coefficients) 

for acetate oxidation. A graphical solution, valid for the 
entire pH-range, is illustrated in figure 1.2. Acetotrophic 
sulfate reduction is thermodynamically feasible under 
acidic, neutral and alkaline pH-values for the boundary 
conditions defined. Lower acetate (RT = 10 -12 [tool/l]) 
and higher carbonate concentrations (CT ---- 10-1 [tool/l]) 
however, lead to thermodynamically unfavorable condi- 
tions within a certain pH-range (fig. 1.3). 
Microbial alteration of redox conditions (E, pe) takes 
place on three levels: on the number of electrons and 
protons transferred, on the electron acceptor and donor 
capacity of oxidants and reductants respectively and on 
the activities of oxidants and reductants under habitat 
conditions. 
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1.4 Biomass formation 

Energy for growth of microorganisms is extracted from 
the free energy released by exergonic reactions. The effi- 
ciency of the transformation of free energy of reactions 
into high energy bonds of biological energy transfer 
molecules (ATP etc.) or into bioelectrochemical gradients 
depends on the biochemical pathways employed for sub- 
strate conversion. 
Thermodynamic analyses of  growth requires thermo- 
chemical values for biomass. I have made the following 
assumptions for a simplified thermochemical and stoi- 
chiometric description of biomass: 

1) Only C, H and O which can account for 80 -90 % of 
the dry weight are considered. 

2) The stoichiometric composition of an average molec- 
ular 'biomass unit' is taken as (C4H703). Biomass 
would consist of y such units. 

3) Determination of enthalpy and entropy of formation 
is based on the structural formula 

R -  [ -  C H O H -  CH 2 -  C H O H -  COH]. 

Hf  ~ and Sf ~ are determined with the group increment 
method with values from table A.3.: 

H f  ~ = 2"[C(H)(O)(C)2] + [C(H)2(C)2] + [CO(H)(C)] 

+ 2 �9 [O(H)(C)]. 

N o  structural or statistical corrections are needed. 
The values for H f  ~ and Sf ~ are - 519.76 [kJ/mol] and 
+ 335.65 [J/K �9 mol] respectively. 

4) Gibbs free energy of formation (Gf ~ = - 385.294 [kJ/ 
mol]) follows from the combustion reaction 

1 1 (C4H703)  + ~O2(g)- -*  4CO2(aq) + 3~H20(i) 

employing the H f  ~ and Sf ~ values calculated above 

and in conjunction with A G f ~  AHf  ~  T .  A Sf ~ 
(see eq. 47, section 3). 

5) A total of 17 electrons are freely exchangeable which 
gives an average oxidation state of - 0 .25  for the 
carbon atoms. 

Biomass formation can thus be written as half-reaction: 

] 4CO2(aq)+ 17e~)+ 17 H(+q)----~ ( C , , H 7 0 3 ) +  5 H 2 0 ( 1 ) .  ] 

Z 
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, 
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Figure 1.3. a)Electron-activity diagram for total  concentrations of 
C r = 10 -1 and R T = 10 -12 [mol/1] and the pH range between 5 and 13. 
The reaction (V]) is endergonic for 5.75 < pH < 11.65 which corresponds 
to - 2.3 < pe < - 9.05. Conditions for L r and S T (full line) as well as for 
C T and R T of the exergonic reaction (m) and the lower boundary for the 
water stability are the same as in fig. 1.2. b) Concentrat ion distribution of 
the electron-donor species and their products for the reaction which 
becomes endergonic within the pH interval 5.75-11.65. The concen- 
trat ion distributions for the other conditions are the same as in fig. 1.2 b 
and c. 
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A G r  ~ is - - 2 7 . 1 2  [kJ/mol] based on  the value derived 
above and  those listed in table A . I .  G r o w t h  associated 
with fermenta t ive  acetate diss imila t ion which corre- 
sponds to a s toichiometr ic  coupl ing  o f  react ion 36 
(table 1.3.) with react ion 16 would  be the rmodynamica l -  
ly unfavorab le  unde r  s t andard  condi t ions  (react ion 37). 
I t  is more  endergonic  at  p H  7. G r o w t h  on  to luene  unde r  
s t andard  condi t ions  (react ion 38) would  require coupled 
diss imila t ion react ions with a free energy change larger 
than  - 207 .3 / [kJ /mol ]  to make  react ion 38 exergonic.  
Sulfate reducing diss imilat ion o f  to luene  (react ion 7) 
could suppor t  b iomass  synthesis (react ions 39 an d  40) if 
react ions 7 and  38 would  be coupled at a ra t io  larger than  
0.56: 1. 
These pure ly  t he rmo d y n a mi c  cons idera t ions  can only  in- 
sufficiently account  for the growth  pa t te rns  observed in 
nature.  A Gr for growth  combined  with the physiological  
yield coefficient Y, however,  al lows one to make  useful 
growth  predict ions  for a great  n u m b e r  of  different condi-  
tions. 

1.5 Electron acceptor diversity 

The microbes  represent  the entire potent ia l  needed to 
ba lance  global  metabol i sm.  The full enzymat ic  capaci ty  
for the immense  variety of  t r ans fo rma t ion  processes is 
d is t r ibuted on  a great  n u m b e r  o f  different o rgan isms  o f  
the microbia l  world a n d  no  single mic robe  possesses 
them all. 
Different  physiological  types of  life can best be classified 
according to the condi t ions  unde r  which the organisms 
thrive and  to the oxidants  chosen to media te  electron 
transfer.  A selection of  microbia l ly  media ted  reduct ion  
react ions is summar ized  for  s t andard  cond i t ions  in  
table 1.4. Fo r  the basic concept  it is u n i m p o r t a n t  whether  
an  electron acceptor  is supplied to the microbia l  cell 
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external ly or whether  electrons are t ransferred to an  in-  
t racel lular  metabol ic  in te rmedia te  as is the case for fer- 
m e n t a t i o n  reactions.  The Gibbs  free energy o f  reac t ion  
varies, depend ing  on  the ox idan t  employed  in con junc-  
t ion  with a par t icu la r  e lectron source. Reac t ions  2, 3 a n d  
7 (table 1.3) i l lustrate the point .  F r o m  table 1,4. it can  
also be deduced that  oxygen and  gases of  n i t rogen  oxides 
lead to large free energy gains while ca rbon  oxides and  
p ro tons  give small  ones. Basically, reduc t ion  react ions  
are associated with a n  en t ropy  decrease which d imin-  
ished A G~. Redox-reac t ions  are t he rmodynamica l ly  fea- 
sible, as long as the ox ida t ion  half-react ions coupled  with 
reduc t ion  half-react ions listed in table 1.4. give exergonic 
overall-processes.  

Oxidants  mos t  f requent ly  used by mic roorgan i sms  are 
l imited to c o m p o u n d s  of  the ma jo r  elements  employed  in 
biology:  C , H , O , N , S , F e  and  M n  (see section 1.1). The 
reduc t ion  by mic roorgan i sms  of  a few addi t iona l  heavy 
metals  (Hg, As, etc.) are in teres t ing curiosities which  
might  become quan t i t a t ive ly  i m p o r t a n t  in cer ta in  waste 
repositories.  The max ima l  biological  reduc t ion  span,  ex- 
pressed as the n u m b e r  o f  mol -eqniva len ts  o f  electrons 
accepted per  mol  o f  oxidant ,  is 8 for C, N and  S, 2 for O 
and  Mn,  1 for H and  Fe and  0 for P 5. While  C, N and  
S are capable  of  exchanging  all the electrons in their 
2s/2p or 3s/3p orbi tals  respectively, O only  varies its 
redox span  by exchanging  2 electrons o f  the 2p orbital .  P 
is no t  involved in redox changes at all, it is always present  
in biological  c o m p o u n d s  and  in the na tu ra l  e n v i r o n m e n t  
with ' empty '  3s/3p orbi tals  bu t  a 'full Neon-core ' .  The  
cur ious  anomal ies  of  O and  P in biological  processes are 
no t  unders tood  yet. 
Electron t ranspor t  is coupled to an  equivalent  t ransfer  o f  
posit ive charges. This leads to the fo rma t ion  o f  electro- 
chemical  gradients.  O n  a cellular level these gradients  are 
formed across cell m e m b r a n e s  where they form the l ink 

Table 1.4. Stoichiometries and standard thermodynamic values for major microbially mediated electron-acceptor reactions 

q A Gr ~ d Hr ~ log K ~ E ~ pe ~ pe ~ 
[kJ/mol] [k J/tool] [V] pH = 7 
(1) (2) (3) (4) (5) (6) 

1 4e- + Oz~g } + 4H~+~q~ --~ 2H20~ ~ 1 - 474.4 - 571.6 83.11 1.229 20.78 +13.78 
2 2 e -  + 2H(+.q) ~ H2(g ) I 0 0 0 0 0 -- 7 

3 2e- + HzO2t~q ) + 2H(+q) ~ 2H200~ 1 - 608_4 - 380.4 106.59 3.153 53.29 +46.29 

4 2e- + NO~-~aq) + 2H~q~ ---* NO~(~q} + H200~ 1 -- 158.1 -- 183.0 27 . 70  0 .8193 13.85 + 6.85 
5 4e- + 2NO~-(~q) + 6H(+~q) ---* N20(~ } + 3H200) 1�89 - 543.0 - 566.2 95.13 1.407 23 .78  +13.28 

+ 6 8e- + 2NO2{s) + 8H(,q) --~ N2(g ) + 4H2OII ) 1 -1051.4 -1209.6 184.2 1.362 23.02 + 16.02 
7 4e- + 2NO(s) + 4H~q~ ---* N2(s) + 2H200) 1 - 647.6 - 752 113.5 1.678 28.36 +21.36 

+ 1 - 341.4 - 367.8 59.81 1.769 29.91 +22.91 8 2 e -  + N 2 0 ( g  ) + 2Htaq) ~ N2(~) + H20(t  ) 
9 6e- + Nz(g ~ + 8Hi+q) ~ 2NH~'laq) 1�89 - 158.8 - 266.5 2 7 . 8 2  0.2743 4.637 - 4.697 

10 6e- + R - N O  2 + 6Ht~q) ~ R - N H  2 + 2H200) 1 

11 2e- + S(s ) + H(+q) ~ HS(~q) L + 12.1 - 17.6 --2.12C --0.0627 --1.060 -- 4.560 
12 8e- ~ S 2- (7) ~_5H + ~-* 5HS~ ~ - 5,20 - 109.3 0.911 0 .0067 0.114 - 4.261 3 + 2 (aq) t (aq) 8 

2- (s) + ---~2HS~q~+3H200) 1 - 164.9 -- 244.1 2 8 . 8 9  0.2136 3.611 -- 3.389 13 8e- +Sa§ ~ +8Hlaq) 
a-~ c~2- (s) + 1 - 189.1 - 208.9 33.13 0.490 8.282 - 2.218 14 4e- . ~l+~v3taq) + 6Ht~q) ~ 2S(s ) + 3 H 2 0 0 )  13 
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Table 1.4. Cont inued.  

Reviews 

q A G r  ~ A H r  ~ log K ~ E ~ pe ~ pe ~ 
[kJ/mol] [kJ/mol] IV] p H  = 7 

(1) (2) (3) (4) (5) (6) 

q c)2-  (g) 0 + 35.9 + 13.0 - 6 . 2 8 9  - 0 . 0 9 3  - 1 . 5 7 2  - 1.572 15 ~1+1~3(aq) ~ SO2(aq) + S(s) 
2 -  + 16 1 0 e -  + S204(aq ) "~ 10H(aq)  ~ 2Hg~q) + 4H2Oo)  1 - 324.3 - 424.9 56.814 0.336 5.681 - 1.319 

17 1 6 e -  + $2+ c~2- (9) .a_ t ~ H  + is 428.9 - 598.8 75.139 0.278 4.696 - 1.866 l~6(aq) - -  "~ (,q) ~ 3HS(~q) + 6H20(1 ) 
2 -  + 18 14e -  + SzO6(~q ) + 14H(,q) - - ,  2HS~q) + 6H2Oo) 1 433.0 - 576.8 75.857 0.321 5.418 - 1.582 

19 6 e -  + SO2(g ) + 5H(+q) ~ HS(~q) + 2H20(1 ) ~ 162.1 = 292.4 28.398 0.280 4.733 -- 1.100 
20 4 e -  + SO(g) + 3H(+q) ----* HS~q) + H2Oo) ~a - 205.3 --  309.66 35.967 0.532 8.992 + 3.742 
21 6 e -  + SOZ~q) + 7H(+~q) --~ HS~q) + 3H20(o  Ig  --  212.9 --  239.5 37.298 0.368 6.216 - 1.950 

22 Be-  + S O ~ q )  + 9 H(+q) ~ HS~aq) + 4[-I20(1 ) 1~ - 192.1 - 251.2 33.654 0.249 4.207 - 3.668 

23 4 e -  + R 1 - S O - R 2  + 4H(+q) --~ R I - S H  + H - R 2  + H20(l) 1 

24 6 e -  + R 1 - S O 2 - R  2 + 6H(+q) --~ R ~ - S H  + H - R  2 + 2H20(1 ) 1 

2+ 25 1 e -  + Fe(3aq +) Fe(aq) 0 - 74.3 - 40.6 13.017 0.770 13.017 13.017 

26 l e -  + Fe(OH)~-(aq) + H(+q) ~ Fe(OH)(+aq) q- H2Oo) 1 - 57.4 - 59.2 10.056 0.595 10.056 3.056 
27 l e - + F e ( O H ) ~ ,  +) ---*Fe(OH)(+q) 0 - 48.0 - 33.9 8.409 0.497 8.409 8.409 
28 l e -  + Fe(OH)~ + 2H~q) - - ,  Fe(OH)(+q) + 2H2Oo) 2 - 92.4 16.188 0.958 16.188 2.188 
29 1 e -  + FeO(OH)(s ) + 2H~q) --~ Fe(OH)~q) + H20(1 ) 2 - 24~2 - 51.5 4.240 0.251 4.240 - 9.760 

30 I e -  + F e P O a . 2 H 2 0 ( s  ) ---,  Fe(OH)(,,o+ + HPOa(aq)2- + HzO(I) 0 + 53.8 - 14.4 - 9 . 4 2 5  - 0 . 5 5 8  - 9 . 4 2 5  - 9.425 

31 1 e -  + Mn(~q +) --~ Mn(~q) 
32 l e -  + Mn(OH)~ 

+ I-ICO3(aq ) + 3 H(~q) --~ Mn(HCO3)(~q) + 3 H20o)  

33 1 e -  + MnO(OH)(s  ) 
+ HCO3(.q ) + 3 H(+q) --~ Mn(HCO3)(~q) + 2 H20o) 

34 2 e -  + Mn2Oa(s) 
+ 2 HCO3(aq  ) + 6 H(+q) ---~ 2 Mn(HCOa)~q ) + 3 H2Oo) 

35 2 e -  + MnO2(s) 
+ HCO3(aq  ) + 4H(+q) - -~  Mn(HCOa)~aq)  + 2 H 2 0 ( 1  ) 

36 I e -  + MnO(OH)(s  ) + 2 H(+q) - - -  Mn(OH)~q) + H20(l  ) 
37 2 e -  + MnO2(s) + 3 H(+q) - -~  Mn(OH)~q) + H2Oo) 

0 - 142.6 - 120.3 24.982 1.478 24.982 24.982 

3 - 200.4 35.108 2.077 35.108 14.108 

3 - 150.2 26.314 1.557 26.314 5.314 

3 - 296.6 51.962 1.537 25.981 4.981 

2 - 242.4 42.466 1.256 21.233 7.233 
2 - 84.9 - 121.1 14.874 0.880 14.874 0.874 
1�89 - 177.1 - 216.4 31.026 0.918 15.513 5.013 

- + 

38 8 e -  + HCO3(aq ) + 9H(,q) 
39 8 e -  + 2 HCO3(aq ) + 9 H(+q) 
40 2 e -  + CO(s ) + 2 H(+q) 
41 4 e -  + C O  2(g) + 4 H(+q) 
42 8 e -  + CS2(g ) + 6H(+q) 

43 8e= + COS(s ) + 7H(a+q) 

- -*  C H  4(g) + 3 H 2 0 ( l  ) 
- - -  CH3COO~q ) + 4 H20(1 ) 
- -*  (HCHO)(aq)  (1~ 

--~ (HCHO)( ,q) (  TM + H200) 

--~ CH4(s) + 2 HS(~q) 

- - ~  CH4t~) + HS(aq~ + H 2 0 0 )  

1~ -- 175.5 -- 240.2 30.746 0.227 3.843 -- 4.032 
1~ -- 144.4 -- 245.2 25.298 0.187 3.162 -- 4.713 
1 + 6.7 -- 39.7 - -1 .174 --0.0347 - 0 . 5 8 7  -- 7.587 
1 + 26.7 -- 42.5 --4.678 --0.0692 - 1 . 1 6 9  -- 8.169 
3 93.8 - 227.4 16.433 0.122 2.054 - 3.196 

106.6 --  236.1 18.675 0.138 2.334 --  3.791 8 

44 2 e -  + R - C O O H  + 2Hi+q) ~ R - C H O  + H2Otl ) 
45 2 e -  + R - C H O  + 2Hi+q) - -~  R - C H 2 O H  

46 2 e -  + R - C H 2 O H  + 2 Hi+q) ---,  R - C H  a + H200) 
47 2 e -  + R ~ - C H O H  - R 2 +  2 H ~ q ) - ~  R 1 - C H 2 - R 2 + H 2 O t l  ) 
48 2 e -  + R 1 - C O - R  2 + 2H(+q) - -*  R 1 - C H O H - R 2  
49 2 e -  + R 1 - ( C H ) z - R  2 + 2H~q) --~ R 1 - ( C H 2 ) 2 - R  2 

50 2 e -  + CCI,,(g) + H(+q) --~ CHC13(s) + Cl(~q) 1 141.0 - - 167.3 24.702 0.731 

51 2 e -  + CHCIs(g) + H(+q) --~ CH2CI2(g ) + Cl~aq) 126.7 - 156.5 22.197 0.657 
52 2 e -  + CH2C12(g) + H(+q) ~ CH3CItg ) + Cl(~q) 12 118.2 - 155.4 20.708 0.613 

z 124.6 - 161.1 21.829 0.646 
53 2 e -  + CH3CI(g ) + H(+q) + - -~  CH4(g ) + Cl(~q) 2 135.8 - 162.8 23.791 0 .704  
54 2 e -  + CClzCC12(g ) + H(aq) --~ CHCICC12(g ) + Cl(~q) 12 121.9 - 182.4 21.356 0.632 
55 2 e -  + CHCICCI2(g ) + H(+q) ~ CHCICHCIo) + Cl~q) 
56 2 e -  + CHC1CHClo~ + H~q) ~ CH2CHCI(s ) + Cl(~q) 2 106.6 - 108.4 18.675 0.552 

12.351 

11.098 
10.354 
10.914 
11.895 
10.678 

9.338 

8.851 
7.598 
6.854 
7.414 

8.395 
7.178 
5.838 

,1) follows f rom A G  ~ = ~ Gf~ - i~Gf~  with values f rom tables A.1 and  A.2. 

,2, follows from ~Ho = ~ r~r _~:i~fo 
�9 i i 

(3) follows f rom A G ~ = - 2.3026" R"  T" log K ~ 
(4) follows f rom E ~ = - A G r ~  �9 F 

follows f rom pe ~ = 1 .  logKO (5) 

0 q (6) follows f rom pe ~ = pe - n"  PHact 

(7) Pentasulfide conta ins  sulfur a toms  with oxidat ion states I -  and  0. 
(s) Thiosulfate conta ins  sulfur a toms  with oxidat ion states I -  and  V + .  
(9) Tri thionate conta ins  sulfur a toms  with oxidat ion states 0 and  V + .  

(lo) (HCHO)(aq)  represents organic  mat ter  with oxidat ion state 0 for  the C-a tom;  G f  ~ = - 130.5, H f  ~ = - 150.2 [kJ/mol].  
Activities are 1 [molal] for  aqueous  species a n d  1 [atm] for  gaseous  species. 
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for the conversion of thermodynamic free energy into the 
electromotive force (emf) for biological work and biosyn- 
thesis. On the niveau of the entire ecosystem, electron 
and associated charge transfers lead to alterations in en- 
vironmental state parameters (see 1.3). 

1.6 Conclusions from section 1 

For thermodynamic treatments of microbial ecosystems 
we acknowledge the following results: 

1) All mass transformation reactions can be described 
by stoichiometric mass equations. 

2) Reactions for which balanced equations can be writ- 
ten will actually take place. 

3) The likelihood of a reaction occurring in a closed 
system may be described by the free energy equation 
dGr = A H  r - T" A S  r .  

4) The direction in which a reaction will proceed is de- 
scribed by the deviation of the activity of the reac- 
tants from equilibrium activity conditions as ex- 
pressed by the disequilibrium equation: 

H {pj.oq}Vj [-A Gr7 
Q _  J K 0 

H {Sineq} v' "exp [~_T .  T ] 
i 

or 
- E . n .  

5) The rate by which a reaction will proceed depends 
a) on the physico-chemical reaction conditions 
(temperature, pH, etc.) and 
b) on the presence or absence of catalysts (enzymes, 
reactive surfaces, etc.). 

6) Reactions involve the breaking and forming of 
bonds and possibly the transfer of electrons and pro- 
tons. 

7) Microbes mediate electron and proton transfer. 
They live from the free energy made available as 
reactions proceed towards equilibrium. 

8) Microbial life can exist in an ecosystem as long as 
differences in chemical potentials are maintained. 

9) Progressing reactions lead to changes in the condi- 
tions of closed systems. If  microbes are reaction me- 
diators changes will take place more rapidly. 

10) Environmentally forced and metabolically induced 
changes of state parameters regulate the thermody- 
namics of  reactions. A few equations describing mi- 
crobially induced changes in ecological state 
parameters are summarized in table A.4 in the ap- 
pendix. 

2. Thermodynamic treatment of degradation in waste 
repositories 

In this section I will apply thermodynamic consider- 
ations to possible processes in mixed waste repositories. 

(1991), Birkh/iuser Verlag, CH-4010 Basel/Switzerland 661 

I realize of course that the complexity of the numerous 
interacting processes cannot be resolved by a simple com- 
prehensive approach. The discussion will be limited to an 
evaluation of a few individual reactions which are char- 
acteristic for nuclear waste repositories. Bitumen is se- 
lected as the model substrate. 
The reactive waste-containing 'cell' is treated as a closed 
system. It contains organic matter in the form of bitumen 
and polymers from ion-exchange resins, other synthetics 
and cellulose (table 2.1). Thermochemical values are cal- 
culated for 'polymer-unit' molecules applying the rules of 
the group increment method and values of table A.3. 
Further calculations with the values listed allow one to 
make predictions about the likelihood and the direction 
of reactions involving the organic compounds as sub- 
strates. The microbes are unimportant for these purely 
thermodynamic considerations. But their presence will 
determine reaction rates and directions and changes in 
environmental conditions and they will efficiently medi- 
ate the coupling between different reactions. From the 
discussion in section 1 it becomes clear that any reaction 
which is basically endergonic, when treated as an individ- 
ual reaction, can be made to proceed in the unlikely 
direction if it is efficiently coupled to a strongly exergonic 
reaction. 
In model calculations for waste repositories which in- 
clude microbes as a parameter, it is assumed that the 
nutrients required for microbial growth are present - 
albeit in small concentrations - and that microbial con- 
tamination of waste cells is inevitable. It is also assumed 
that oxidation-reduction reactions which lead to a net 
gain of free energy can always be coupled by microbes 
and the reaction rates are thus accelerated. This view 
discounts the earlier concept that only reactions which 
surpass a certain minimal free energy gain will be coupled 
by microorganisms 19. The sequence of processes that 
occur follows the rule that reactions with large free ener- 
gy gains are favored against those with small gains 5. 
Aerobic microbes would thus rapidly consume the small 
amount of oxygen present in the trapped air. Further 
degradation would then proceed fermentatively and be 
coupled to methane production or to sulfate reduction. 
The latter process would be important in alkaline, ce- 
ment-containing matrixes where the pH might rise to 12. 
Steel iron is assumed to be oxidized and the assumption 
that iron oxidation can be coupled to sulfate reduction 
after oxic corrosion has ceased will be examined below 
(2.2). Accumulating metabolites alter redox conditions 
(pc), pH and other state parameters discussed in sec- 
tion 1.3, which will in turn influence reaction conditions. 

2.1 Bitumen degradation 
Elemental analyses of bitumen give an average composi- 
tion of C: H: O: N: S of 200: 280:1 : 1 : 3. Assigning 0 and 
Ill- as oxidation states to sulfur and nitrogen respective- 
ly, one calculates an average oxidation state of - 1.375 
for the carbon atoms. Aerobic degradation of bitumen 
would thus follow the stoichiometry 
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Table 2.1. Thermochemical values of the major organic compounds in low and intermediate level radioactive wastes. 

R e v i e w s  

Compound Assumed Hf ~ Sf ~ Average 
[sum formula] structural formula of [kJ/mol] [J/K. mol] oxidation 

formal polymer unit (3) (3) state of 
(2) carbon atoms 

Bitumen (1) 
1+ II-- 111- O 

{422ooHzso Ot N1S3~-~ 

~{CIoH14~2o . (4) 

Resin fl) 
111- V+  

~C19H2oO4 N1 $1]-~* 

Cellulose 
~ C 6 H l o O 5 ] -  n 

Polyvinylchloride 
PVC-unit 
{C2H3C1]-~ 

Polyethylene 
PE-unit 
[ C 2 H 4 ] -  n 

Polystyrol 
PS-Unit 
~tCaH8~- . 

{C(CH)2(CH 2 ~2C(CH2)#~-~ (4) 

l 

(5) ~C2H2 -- C6Ha(SOaH)C2H2C6H2(OH)N* (CHa)3]n (5) 

1 
~OCH(CHOH)2CHOCHCHzOH] ~ 

- 61.7 -214,6 --1.375 

- 1.4 

417.5 +681 -0.68421 

- 892.4 - 320.5 0 

[CH2CHCI~- n 82.55 - 112.05 - 1.0 

~ C H 2 C H 2 f f  n - 41.26 + 76.82 -2.0 

~CH2CH(C6Hs)]n + 67.37 +196.6 -1 .0  

(i) Based on elemental analysis. 
(2) Calculations of Hf ~ and Sf ~ are based on the structures which have been assigned to the monomers in their gaseous state. 
(3) Calculated according to the group increment method with values listed in table A,3 ; obvious correction terms have been considered (see table 3.1). 
(4) O, N and S which account for 4.5% of the molecular weight of a formal "bitumen monomer unit" have been neglected in the bitumen hydrocarbon. 
(5) O, N and S have been included in the formal "resin monomer unit" since they account for 31% of the molecular mass. Oxidation states of N 

and S are I I I -  and V + respectively. 

( C 2 o 0 H 2 s o O 1 N 1 S 3 ) y  + 275�88 y O  2 

200" y C O  2 + 7" y H  + + y N O 3  + 3 �9 y S O  2-  

+ 136�89 y H 2 0 .  

Neglecting O, N, and S which account for 4.5% 
( =  126 Da) of  the total molecular weight (2806 Da) al- 
lows one to describe a simplified 'molecular uni t 'of  bitu- 
men as a hydrocarbon with composit ion [ - C l o H 1 4 - ] .  
C has an oxidation state of  - 1.4. F rom the structural 
formula designed in table 2.1, one can calculate H f  ~ and 
Sf ~ employing values f rom table A.3. The following 
groups were added: 

2 .  [Cd(C)z] + 2 .  [Ca(H) (C)] + 4[C(H)2(C) (Ca)] 
+ 2 .  [C(H)2(C)2]. 

Corrections for 1,3 cyclohexadiene ( +  20.08 [kJ]mol]) 
and for cis-alkane ( +  4.184 [kJ/mol]) were considered for 
H f  ~ a and W were assigned values of  2 and 10 respective- 
ly. Values for H f  ~ and Sf ~ are given in table 2.1. G f  ~ is 
+ 286.83418 [kJ/mol] calculated with fo rmula47  ex- 
plained in section 3. Aerobic degradation is a strongly 
exergonic reaction (AG o = - 5665.4 [kJ/mol]) for stan- 
dard conditions. It  remains exergonic as long as IT" A S~ 
< IAH~ (case B, table 1.2). The system entropy (AS ~ 
would have to increase by a factor of  20, the entropy of  
format ion (Sf ~ 90-fold to make the reaction endergonic 
for standard conditions ( H f ~  constant,  case C, table 

1.2). The estimates for the thermochemical values of  bitu- 
men are made for [ - C l o H 1 4 - ]  as a gaseous entity. So- 
lidification into an amorphous  mass is unlikely to de- 
crease Sf ~ by so much that AG O of  the oxidation reaction 
changes substantially. 
The degradation reaction under oxic conditions is as- 
sumed to take place under the following initial boundary  
conditions: 

[ - C l o H 1 4 -  ] + 13�89 O2(aq ) -~- 3H20(1 ) 

lOHCO3(aq ) + lOH(+q) 

T = 2 9 8 . 1 5 K  (as in all examples in this section), 
pH = 8.4, [ H C O 3 ( a j  = 10 -2 [mol/1], pOz = 0.21 [atm] 
(approximately 0.28 �9 10- 3 [mol/1] = 9 [mg/1] dissolved 
in the aqueous milieu. Calculations are based on [O2(aq)] 
= Kn.pOE(g), K n being Henry 's  taw constant, and 
pO2(g ) = R ' T "  nO2(g)/V0) and [ - C 1 0 H 1 4 - ]  = 10 -12 
[mol/1]. The conditions take into account that  bi tumen is 
accessible preferentially to the organisms which adhere 
to the bi tumen surface 24. The concentration of free bitu- 
men monomer  is assumed to be very low (10-12 [mol/1]). 
Thermodynamical ly  the reaction will proceed in the di- 
rection as written as long as Q/K ~ < 1 and AG r < 0 (as 
derived in section 1.3). AGr for the actual conditions is 
- 5808.38 [kJ/mol]. More  alkaline pH-values make AGr 
of the pro ton  producing reaction more negative. The 
reaction is still exergonic with AG~ = - 5265.8 [kJ/mol] 
i f p O  2 is reduced to 7 .47 .10  -x~ [atm] ( ~ 10 -12  [mol/1] 
dissolved 02). Although this seems to be a low oxygen 
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partial pressure the condition still represents a redox po- 
tential of + 0.598 IV] corresponding to a p e  of + 10.102. 
The few calculations indicate that there are no thermody- 
namic restrictions to the aerobic breakdown of bitumen. 
A comparison of several anaerobic degradation se- 
quences is made by coupling half-reactions I and 2 
(table 2,2), which represent complete and incomplete bi- 
tumen oxidation, to hydrogenic, methanogenic, aceto- 
genic, and sulfidogenic electron acceptor half-reactions 
5 to 8 (table 2.2). Gibbs free energy can be calculated 
from the values listed, by stoichiometrically combining 
the appropriate reactions. Degradation associated with 
hydrogen gas production will turn into an exergonic re- 
action at pH > 8.9 and [H2(aq)]  < 1 0  - 6  [mol/1] (corre- 
sponding to a partial pressure for H 2 of 1.212" 10-3 
[atm]). 
AG o for the homoacetogenic breakdown of bitumen is 
- 15.42 [kJ/mol]. Increasing pH to 8.4 and to 12 makes 
the standard reaction more exergonic. The AG o values 
are - 171.25 and - 238.04 [kJ/mol], respectively. The 
reaction remains exergonic even if acetate accumulates to 
very high concentrations. 
Methanogenic degradation at pH 8.4 is exergonic 
(AGO'= -434 .78  [kJ/mol]) at a partial pressure of 
methane of 1 [atm] and high bicarbonate concentration 
(1 [tool/I]). Increasing the pH makes this reaction more 
favorable. 
AGr ~ for sulfidogenic bitumen breakdown follows when 
reaction 1 (table 2.2) is stoichiometrically combined with 
reaction 8. Under standard conditions a AGr~ of 
-337 .23  [kJ/mol] is obtained. The value increases to 
-522 .74  [kJ/mol] at pH 10 where almost all of the 
sulfide formed is present as HS- .  A G  o' becomes 
- 769.0 [kJ/mol], if ferrous ions (10-6 [tool/l] react with 
the sulfide to form pyrrhotite (reaction 20, table 1.3), the 
available bitumen concentration remains at 10-12 [mol/l] 
and sulfate and bicarbonate are present at 10-3 [mol/1]. 
Thermodynamically there are no reasons for bitumen to 
be as stable as it seems to be when tested in short-term 
microbial experiments. 
The rates of degradation might be slow, but bitumen is 
thermodynamically destined to decay and given enough 

time it will be oxidized via aerobic and anaerobic pro- 
cesses 24. 

2.2 Corrosion 

Metal iron, present in waste packaging material, repre- 
sents an additional source of reducing power. For oxic 
conditions half-reactions 3 and 4 (table 2.2) describe acid 
catalyzed iron oxidation: 

a + ~ V e ( O H ) ~ q )  Fe~) + 5 O2(g} + H(aq) 

At initially low concentrations of Fe(OH) + [10- 6 mol/1], 
a p O  2 of 0.21 [atm] and at pH = 12, the reaction is exer- 
gonic (AGr = - 241.15 [k J/tool]). Also the acid-indepen- 
dent oxic corrosion which is associated with goethite 
precipitation, 

3 i H 2 0 ( I )  __) Fe O(OH)(~) Fe(s) + ~ O 2 ( g )  --l- 

is strongly exergonic at pO2 --- 0.21 [atm] (A G~ = - 367.22 
[kJ/mol]). For anoxic conditions the possibility of  corro- 
sion promoting electron transfer from iron to sulfate was 
investigated thermodynamically. It is assumed that iron 
oxidation can be mediated by sulfate reducing bacteria 
which metabolize acetate as their main source of energy 
and carbon. It is further assumed that the free ferrous 
iron forms pyrrhotite according to: 

F%) + SO2;q) + �88 CH3COO(aq) -t- 1 1  H(+q) 

1 --, FeSta) + l~HCO3(aq ) + H20(I ) 

The coupled processes for the boundary conditions, 
[HCO3] = [SO ] ] = 10 -3 [mol/1], [CH3COO ] = 10 -6 
[mol/1] give A G~ = - 119.64 [k J/moll and - 93.95 [kJ/ 
moll for pH 8.4 and 12 respectively and are thus exer- 
gonic. Temperature changes between 0~ and 50 ~ do 
not alter the direction of the reaction. 
Under the conditions defined packaging and waste mate- 
rials form reactive systems in repositories, The free ener- 
gy released by the exergonic reactions can support micro- 
bial existence. Deterioration of the materials and 
environmental changes associated with them are mediat- 
ed and thus accelerated by microorganisms until the 
repository system has reached a thermodynamically sta- 
ble state. 

Table 2.2. Half-react ions considered for b i tumen degrada t ion  m 

Nr. Stoichiometric half-react ion equat ion  A H ~ A S O A G O 
[k J/tool] [J/K. mol] [k J/tool] 

1 -[-C t o H 14] + 30 H 20o) 
2 trCloH14-] - + 10H2001 

3 Fe(s ) + H200) 
4 Fe(OH)(~q) + H200) 

5 e -  + H(~q) 
- 1 + 1 - 6 e + l~-H(.q) + ~HCO3(~q ) 
- 1 1 ~ 4 +  7 e + ~-- (aq)  + � 8 8  

11H + ! S O  2-  8 e -  + ~ (aq) + 8 4(aq) 

----, 10HCO3~aq ) + 5 4 e -  + 64H~+~q~ +1592 .28  +2121 .18  +959 .85  
---, 5 C H 3 C O O ~ q  ) + 14e -  + 19H~+~q) + 366.28 + 432.17 +237 .42  

Fe (OH)~  + 2e -  + 1 Hl+~ql - 38.90 + 4.20 - 40.15 
---* FeO(OH)(~) + 1 e -  + 2H~+~q) + 75.70 + 167.40 + 25.80 

1 - 2.10 - 36.35 + 8.74 - - ~  ~ H 2 ( a q  ) 
___~1 3 ~CH4(aq ) + ~ H 2 0 ( l  ) - -  31.80 -- 39.93 - 19.90 

l 1 ~ C H 3 C O O c a q )  + ~ H 2 0 ( o  - -  3 0 , 6 5  - 4 2 . 2 3  - 1 8 . 0 6  
1 - ! ~HS~q + 7H2Otl  ) - 31.40 - 24.75 - 24.02 

I~) gaseous compounds are considered to be dissolved in the aqueous  matrix.  
S tandard  condit ions:  T = 298.15 K,  concent ra t ions  1-molal, p H  = 0, I = 0. 
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3. Free energy of formation (Gf~ enthalpy of formation 
(Hf ~ and entropy of formation (Sf ~ of organic com- 
pounds 

Thermochemical values for numerous inorganic com- 
pounds are more easily available (table A.I)  than those 
for the innumerable organic ones (table A.2). Since ther- 
modynamic analyses applied to microbial ecology are 
aimed at investigating the coupling between inorganic 
and organic reactants, methods are needed which permit 
an accurate estimate of  the thermochemical values of  
almost any organic molecule. Gf  ~ Hf  ~ and Sf ~ are de- 
fined for the oxidation o f  compound A (e.g., an organic 
substrate containing C, H and O atoms) with Oz accord- 
ing to the stoichiometry 
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C a H b O e ( g  ) if- 1/4 (4a + b - 2c )O2(g  ) 

---+ a CO2(g ) q- b/2 H 2 0 ( I  ) 

I f  H f  ~ and Sf ~ of  substrate CaHbOe(g ) can be determined 
one can calculate Gf  0 employing the known thermo- 

chemical values for CO2~,), H20(1) and O2~g) (table A.I).  
Following the relationships (42) to (45), 

(42) A G f  ~ = A H f  ~ - T-  ASf ~ 

A G f  ~ = 52 vj" Gf~ - Y. v i �9 G f ~  ( 4 3 )  
j i 

b 
= a .  Gf~ + ~" Gf~ 

1 
- ~ ' ( 4 a + b - 2 c )  . G f ~ , , - G f g o a u o o , ,  ' 

A H f  ~ = Z. vj Hf~ - 5-'. v i �9 Hfs ~ (44) 
j i 

b 
= a .  Hf~ + H f ~  o , ,  

1 
- ~ .  (4a + b -  2 c ) . H f ~  ,, - Hf~ 

(45) A S f  0 ~-. Z v j "  Sfp~ - -  Z v i '  Sfs~ 
j i 

( =  analogous to AHf  ~ and AGf ~ 

free energy of  formation of  C.HbO.(g) becomes 

b 
Gf~ = a .  Gf~ + 5 .  Gf~  oo) 

1 
- ~ ' ( 4 a  + b - 2c)" Gfo~ ,,, - Hf~ n~oo,,, 

+ T �9 ASf~ n~oo,, . (46) 

Numerical values for 298.15 K from table A.1 introduced 

into eq. (46) yield the equation for the calculation of  the 
free energy of  formation: 

Gf~ = 62.815 �9 a + 34.720 �9 b 

- 15.280' (4a + b - 2c) + Hf~  i%oo(,~ 

- 0 . 2 9 8 1 5  + sfOan~Oo,, . (47) 

Example: G f  ~ for toluene (C7Hs(g)) and acetic acid 
(C2H402(g)) are calculated with corresponding entropy 
and enthalpy values f rom table A.2 inserted into equa- 
tion (47): 

Gf~ . . . .  ~) = + 122.1 [kJ/mol] 

Gf~ ~r = -- 374.1 [kJ/mol] 

The comparative values listed by Weast et al. 23 are 122.3 
and - 374.0 [kJ/mol] respectively for toluene and acetic 
acid in the gaseous state. 
Calorimetric measurements on heat of  combustion and 
heat capacity as well as spectral data on electronic states 
have been determined for a large number of  particular 
compounds.  For  comparative studies, the consistency of  
these data is often insufficient if they stem from individ- 
ual experimental determinations. 
Two methods for calculating Hf  ~ and Sf ~ values are 
compared below. Enthalpy and entropy of  formation are 
related to free energy of  formation at constant tempera- 
ture by relationship 42 above. Gf  ~ and AGf ~ are the 
terms which are used most  often. I have used Gf  ~ exclu- 
sively. Gf  ~ represents in a single term the combined con- 
tributions of  enthalpy and entropy of  formation of  a 
compound.  

3.1 Calculation of enthalpy of formation (Hf ~ from heat 
of combustion (AH ~ 
The heats o f  combustion o f  organic compounds are stan- 
dard reaction enthalpy changes which occur when the 
substrates are oxidized with Oz~) to COz~g), H20~), N2cg ) 
and SO2(g). The products of  halogenated (X) and phos- 
phorus containing compounds are dilute aqueous solu- 
tions of  HX and HaPO 4 respectively. For  a generalized 
combustion equation (oxidation states of  S, N, P and X 
in the substrate molecule are - I, - III,  + V and - I 
respectively), 

(C,HbOcNdP~SfXg) + 1(4a + b - 2c + 5e + 4 f -  g) 0 2 

---~a C O  2 + d / 2 N  2 + f S O  2 + e H 3 P O  4 + g H X  

+ �89 (b - 3e - g ) H 2 0  

heat o f  combustion is calculated from the sum of  the 
enthalpies of  formation of  the products minus the sum of 
H f  ~ of  the substrates: 

0 0 AH ~ = Z vj" Hf~roa,cto ) - 52 vi �9 Hf~.bstratr (48) 
J i 

with  vj, i representing stoichiometric coefficients. 
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Conventionally the following enthalpies of  formation of  0 
the products are used for calculations (values given in -looo 

kJ/mol): CO2(g ) = - 393.5, H200) = - 285.8, Nz(g / = 0, 
O2(~l = 0, SO2(~) = - 296.8, H3PO 4 (diZ. aq.) = -- 1288.3 ~ -2000 

E 
and HC1 (d,. ~q.) = -- 166.7. 

-3000 

Example: Hf ~ for toluene, can be calculated from its o -4000 

AH~ (from ref. 8) according to: " 
.o -5000 

CTH 8 (,) + 9 0 2 (g) ~ 7 CO 2 (gl + 4 H20( l  ) 

HfO7n,,, , = 7 .  HfOo~(~, + 4 .  HfnO o( _ 0 _ A H O c m ~ ,  ) ~ -6ooo 

-7000 
= 7.  ( -  393.5) + 4 .  ( -  285.8) - ( -  3920.4) 

-r 
= + 22.7 [kJ/mol] -0ooo 

Benson ~ lists a value for toluene(g) of  + 50.208, Weast -0000 
et al. 23 give + 49.99, and Hf  ~ calculated according to the 
molecular group increment method outlined below yields 
+ 49.93 ( =  5 " [CB(H)] + [CB(C)] + [C(H)3(CB)]. 
Kharash 8 has offered simple equations for the calcula- 0 
tion o f  heats o f  combustion o f  a large number o f  organic 
compounds. His values seem to be in relatively good 
agreement with data f rom other sources as illustrated for 

-100  
linear, saturated hydrocarbons in figure 3.1 a. Small dif- 
ferences in these large heat of  combustion values express 
themselves more dramatically however in the much 
smaller enthalpy values which are calculated from them. .~ -200. 
Hf~ calculated for linear hydrocarbons with the ._* 

-l- 
group increment method compare well with those listed 
in Weast et al. 23. They do not agree however with the 

-300 
corresponding values calculated with Kharash's  method 
(fig. 3.1 b). Thus values for heat of  combustion should 
only be used for the calculation of  Hf  ~ if it can be ascer- 
tained that the enthalpy values so obtained are consistent -400 

with like values derived by other methods. 

El 

~-: HO = - 4.9342e-4 - 188.99"E - 3.1219e-7*E^2 
S: Ho = - 1.4800 - 110.88"E + 2.7193e-2"E^2 
C: HO = - 8.8178 - 111.28"E + 4.6067e-2*E^2 
D: HO = - 101.13 - 102.95"E - 0.18675"E^2 

1 0  2 0  3 0  4 0  5 0  6 0  7 0  8 0  

Number of electrons [E]  

b 

~--~AHfo = - 51.907 - 17.808"C - 0.19899"C^2 

~ ~ ~  18'223"C " 0"15234.C^2 

1 2 3 4 5 6 7 8 9 1 0  11 1 2  1 3  1 4  

Number of C atoms [C]  

3.2 Calculation of enthalpy (Hf ~ and entropy (Sf ~ of 
formation by the group increment method 

Unfortunately no easily applicable thermodynamic rela- 
tionship exists which would allow one to calculate en- 
thalpy and entropy or Gibbs energy of  formation for 
polyatomic molecules from simple molecular parame- 
ters. Empirical concepts have been developed however 
which make approximate calculations o f  molecular ener- 
gy levels possible. The approach is based on the observa- 
tion that chemical and physical properties of  molecules 
are the sum of  structural, as well as size and mass contri- 
butions of  individual atoms, the bonds between them, the 
oxidation state and the interactions between neighboring 
functional groups within the more complex molecules. 
The concept has led to the formulation of  the additivity 
rules for the determination of  thermochemical molecular 
properties of  organic compounds. Some rules of  the 
group increment method are summarized below. They 
are explained in more detail by Benson 1. For  enthalpy of  
formation they are: 

Figure 3.1. Enthalpy of formation (Hf ~ for saturated hydrocarbons cal- 
culated from heat of combustion (H~ a) There are only small relative 
deviations between H~ compiled from different sources for hydro- 
carbons with I0 < electrons < 50. + calculated ace. to Kharash 's  formu- 
la (A); * Kharash 's  experimental values (B); A Ho as listed in Weast 
et al. 23 (C); [ ]  calculated from enthalpies of  formation (Hf ~ as listed in 
Weast et al. 23 (D); O calculated from Hf~ obtained from group 
property additions (El. b) Hf~ obtained from H ~ in (a), however, 
give unacceptable differences when they are calculated with the general- 
ized equations used by Kharash 8; �9 HfO as listed in Weast et al. 23 ; * Hf  ~ 
calculated from group properties; + Hf  ~ calculated from heat of com- 
bustion according to Kharash 's  formula; O Hf  ~ calculated from heat of 
combustion with Kharash 's  experimental values. 

Hf~ Z o ~'~positional 
= nfa tomir  group (i) ~ ZJcorrections 

0) 

= 2 o o HfOs HfOrtho HfaLtomlc group (i) + Hfg~uch~ + + 
(1) 

+ Hf~ strain 

and for entropy of  formation: 

(49) 
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Sf ~ Z o ~ 7 ~ s t a t i s t i e a l  X;~positional 
: Sfattorair group (i) ~- ~- ,correet ions -]- /-,corrections 

(0 

o 
= Sfattomiz group ( i )  "~- R" lnW - v i R '  In a + Sf~ 

0) 

+ Sf~ + Sf~ (50) 

(R = gas constant, W = configurational possibilities, 
a = symmetry factor, V i ~--- stoichiometry coefficient.) 

Enthalpy and entropy values of atoms and functions with 
> 2 covalent bond-possibilities are listed in table A.3. 
The values apply for gaseous states and standard condi- 
tions. The valencies of the group atoms or functions are 
occupied by the ligand atoms H, O, N, P, S, C or halo- 
gens (X). 
Cis-trans isomerization, gauche configuration and con- 
formational influences within ring compounds are struc- 
tural interactions which cannot be included in the group 
property value a priori. Their contribution to the ther- 
mochemical values are considered by adding appropriate 
correction terms, some of which are summarized in 
table 3.1. The gauche corrections apply to atoms and 
functional groups other than H-atoms. I f  values for 

Table 3.1. Major  positional correction terms 

Correction a Hf2~ Sf2~ other 
[k J/tool] [J/K. mol] 

A) f o r  non-next-nearest neighbor 

- gauche corrections for  rotational isomers: 

Alkane + 3.347 
Alkene + 2.092 
Ether oxygen + 2.092 
Oxygen 0 
CI + 4.184 

- cis corrections for  geometrical double bond isomers: 

(Hydrocarb.) + 4.184 0 
(Hydrocarb.) 

for 2 enes 

- 2.510 for 3 enes 
+ 5.021 for but-2 ene 

- 6.763 

+114.223 a = 10 
+ 76.567 0- = 6 

0-= 1 
t r =  1 
0 " = 2  

+ 98.742 0- = 1 
0 - = 1 2  

(CI) (Cl) - 1.255 
(Alkane) (C1) - 3.347 

- ortho eorrections fo r  ring positions: 

Hydrocarbons + 2.385 
Oxygen 0 
(C1) (C1) + 9.205 
(Alkane) (CI) + 2.510 

B) f o r  ring - strain energy 

Cyclopentane + 26.359 
Cyclohexane + 0.837 
Furan - 24.267 
Tetrahydrofuran + 24.686 
Dioxan + 13.807 
Thiophene + 7.113 
Benzene b 

" They need to be applied to particular configurations of compounds 
whose thermochemical values are obtained by the addit ion of group 
property values. 0- = symmetry number (For details see ref. (1) and 
examples). 

b Corrections are included in the group property value [C B (H)] of table 
A.3. 

the usually more stable trans isomers are tabulated, the 
values for corresponding cis isomers are  obtained by 
adding the correction term. Enthalpy of formation for 
the trans isomer of the ethylene functional group listed in 
table 3.2 for example is calculated from 2"[Cd(H) 
(C)] = 2.35.94 = + 71.88 [kJ/mol]. Adding the cis 
correction gives Hf~ = 71.88 + 4.184 = + 76.06 [kJ/ 
mol]. The corresponding entropy values are + 66.70 [J/ 
K �9 mol] if the ethylene group is part of a 2-ene, + 64.19 
if it is in a 3-ene and + 71.22 in but-2-ene. Applications 
of the group property correction rules are illustrated in 
the examples and in table 3.3. The total number of distin- 
guishable configuration possibilities (W) statistically in- 
crease entropy by R .  In W. The total number of indepen- 
dent permutations of identical groups or atoms in a 
molecule that can be obtained by rotation of the entire 
molecule about its center of mass reduces entropy by 
- R �9 In a. Values for a are: I for linear molecules with- 
out end-to-end symmetry like HC1, CO, CH2CHC1, etc., 
2 for linear or angular molecules with end-to-end symme- 
try like 02,  HES, CO2, H20,  NO2, SO2, CHC1CHC1, 
etc., 3 for pyramidal and planar groups like NH 3 , Ha O§ 
- C H 3 ,  NO~, CO~-;  4" 3 for CH4 and CC14; 4 for 
tetrahedral groups like SO 2- ; 6 for cyclohexane, 10 for 
cyclopentane and 12 for the benzene ring. Thus the 
Sf~ for a methyl group always amounts to 
8.3145 �9 In 3 = - 9.1344 [J/K" mol]. 

The following procedure is recommended for the deter- 
mination of enthalpy and entropy of formation of organ- 
ic compounds with the group increment method: 

1) Draw the structure of the molecule. 
2) Determine the number of  polyvalent (>_ 2) atoms. 
3) Assign group functions to the polyvalent atoms. 
4) Add the group values from table A.3 for H f  ~ and Sf ~ 
5) Determine cis, trans and ortho positions, gauche con- 

figurations, ring strain, symmetry factor (a) and con- 
figurational possibilities (W). 

6) Add correction values from table 3.1. 

Thermochemical values for molecules consisting of 2 or 
more polyvalent atoms can also be obtained by the addi- 
tion of the values of  its functional groups some of which 
are compiled in table 3.2. The use of tables A.3 and 3.2 is 
illustrated with three examples: 

Example i: 
Pyruvic acid consists of six polyvalent atoms which form 
the following 3 groups: 

O 
II 

- - C H 3 , - C -  a n d  - O - .  

They are written with the formalism applied to the listing 
in table A.3 as [C(H)3(CO)] for the methyl group at- 
tached to a carbonyl carbon, [CO(C)(CO)] for the ke- 
togroup attached to a methyl and a carboxyl carbon, 
[CO(O)(CO)] for the carboxy group attached to a car- 
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Table 3.2. Enthalpies of formation (Hf ~ and entropies of formation 
(Sf ~ of  major functional groups present in microbiologically and envi- 
ronmentally relevant compounds 

Functional  HfO9s o) sfO9s o) Group 
group [kJ/mol] [J/K mol] name 

R - C H  a - 42.17 +118.11 (3) Methyl 
R = C H 2 O H  -192 .46  +162.63 Alcohol, prim. 

O 

Table 3.2. Continued 

Functional  Hf~ ~1) Sf2~ (1) Group 
group [kJ/mol] [J/K moll name 

R I \  

C = N - - R  a 
/ 

R2 

+132.37 --109.46 Imine 

// 
R--C  -121 .75  +146.02 Aldehyde 

\ 
H 

O 
// 

R- -C  --389.95 +164.43 Carboxyl 
\ 
O - - H  

R I - C H 2 - R  z - 20.63 + 38,41 Methylene 

R~ - C H z O - R  2 -130 .96  + 77.32 
R 1 - - C H O H - R  2 -188 .69  + 75.61 Alcohol, see. 
R 1 - C O - R  2 -131 .38  + 62.76 Keto 
R 1 - C O O - R  2 -327 .19  + 97.07 Ester 

R1 \  

COH R 3 -186.18  -18 .79  Alcohol, tert. / 
R2 

RI\ 
C H - - R  3 - 7.95 - 50,50 Methine 

/ 
R3 
R -  OCH 3 - 139.24 + 154.43 (~) Methoxy 
R- -OC2H s -- 173.13 + 195A3 (37 Ethoxy 

R - C H = C H  2 + 62.13 +148.87 Vinyl 
R 1 - C H = C H - R 2 c i s  + 76.06 + 66.70 (2) Ethylene 
R 1 - C H = C H - R z t r a n s  + 71.88 + 66.70 
R - O H  158.57 +121.63 Hydroxyl 
R - O - R  - 97.07 + 36.32 Ether 

Rt\ 

N--R3 + 102.09 - 56.32 Amine; tert. / 
Rz 

R I \  + 64.43 + 37.40 A m i n e ,  sec. 

NH 
/ 

R 2 

R - N H  2 + 20.08 +124.31 Amine, prim. 
R - N O  2 - 63.20 Nitro 

O 
// 

R - - C  -199.58  +171.08 Amine, prim. 
\ 
NH 2 

O 
// 

Ra - -  C --155.65 + 84.10 Amine, sec. 
k 
N H - R  2 

O 
// 

R~ --C 
\ 
N - - R  2 I 
R3 

O 
// 

R 1 - C  
\ 
NH 

/ 
Rz - -C  

\\ 
O 

- 35.15 + 11.46 Amine, tert. 

-- 351.88 + 172.96 Imide 

O 
# 

R 1 - C  
\ 
O 

/ 
R 2 - C  

\\ 
O 

R 2 - - C H 2 ~  

R 

-488 .28  + 158.99 Anhydride 

- 71.77 +242.3514) Benzyl 

- 92.10 +203.30 (4) Phenyl 

(1) values are valid for R = alkane carbon 
(2) see text for deviation 
(3) symmetry correction for methyl group included 
(4) ring symmetry corrections included 
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Example 2: 
Lactic acid contains five groups with the polyvalent 
atoms [C(H)3(C)], [C(H)(O)(C)(CO)], [CO(O)(C)], 
[O(H)(CO)] and [O(H)(C)] which can be merged for this 
special case into three functional groups: a methyl, a 
secondary alcohol and a carboxyl group. For the calcula- 
tion of the thermochemical values of lactic acid the func- 
tional group values of table 3.2 may now be applied: 

bonyl carbon and [O(H)(CO)] for the hydroxy group 
attached to the carboxy carbon. 
The thermochemical values for pyruvic acid are then 
calculated from table A.3 as 

Hf~ acid = Hf~ + Hf~ 

+ Hf~ + Hf~ 

= - 42.17 - 122.17 - 122.59 - 243.09 

= - 530.02 [kJ/mol] 
and 

SfOyruvic acid = Sf~ + Sf~ 

+ Sf~ 

+ Sf~ - R - i n  3 

= + 127.24 + 62.76 + 61.92 + 102.51 - 9.13 

= + 345.3 [J/K- mol] 

The values from table 3.2 cannot  be used for this calcula- 
tion since they were determined for 'R '  representing alka- 
ne carbon atom(s) only. 
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o 
Hf~aotic acid = H f ~  - C H 3 )  q-  H f ~  

+ H f ~  - C O O H )  

= - 42.17 - 188.69 - 389.95 

= - 620.81 [kJ/mol]  

o = S f O ( _ C H 3 )  + S f o ( _ C H O H )  S f l a e t i e  acid 

+ S f ~  C O O H )  

= + 118.11 + 75.61 + 164.43 

= + 358.15 [J/K �9 mol]  

C o m p a r i s o n  w i t h  the ca lculat ions  based  on  values  from 

table A .3  i l lustrates the cons i s tency  o f  the two  me thods .  

E n t h a l p y  and  entropy  o f  format ion  for lactic acid calcu-  

lated from a tomic  group values  are: 

Hf~ acid = n f ~  + H f ~  

+ Hf~ + Hf~ 

+ Hf~ 

= - 42 .17 - 30.12 - 146.86 - 243.09 

- 158.57 = - 620.81 [kJ/mol]  

Table 3.3. Examples which illustrate the group increment method applied to organic compounds 

Compound Additive group properties and correction terms Hf  ~ 
(gaseous state) [kJ/mol] 

S f  ~ 
[J/K. moi] 

H f  ~ 
[kJ/mol] 

S f  ~ 
[J/K. mol] 

Calculated values 
(for gaseous state) 

Tabulated values 
in ref. (23) 

Ethane 

H n 2.[C(H)3(C)] W = 1 \ / 
H - - C - - C - - H  a = 3 + 2 

/ \ 
H H 

- 2 R . l n 3 - R .  ln2  

- 84.34 230.448 - 84.684 229.492 

Ethylchloride 

H H [C(H)a(C)] + [C(H)2(C)(CI)] \ / 
H - -C- -C- -C1  W = 1 

/ \ 
0 . = 3  

H H 
- R . l n 3  

- 111 .210  276.266 --112.173 275.893 

1 , 2 - D i c h l o r e t h a n e  

C1 H 2. [C(H)2(C)(C1)] + 2 .gauche (C1) \ / 
H - - C - - C - - C I  W = �89 + R . l n 3  

/ \ 
H H a = 2  - R . l n 2  

-129.788 313.928 - 129.788 308.277 

Hexachl0rethane 

CI C1 2. [C(C)(CI)3] + 6. gauche (C1) \ / 
C1-C- -C- -C1  W = 1 

/ \ 0 " = 3 + 2  
C1 C1 

- 2 R . l n 3 - R . l n 2  

-148.116 397.708 -147.695 396.643 

Ethene 
H H \ / 2. [Ca(H)2] W = 1 

C = C  a = 2 
/ \ 

H H 

- 2 R . l n 2  

- 52.38 219.514 + 52.258 219.451 

Vinylchloride 
H H \ / [Cd(H)CI)] + [Ca(H)2 ] + 1 gauche (CI) 

C = C  W = 1 
/ \ 

~ r = l  
C1 H 

+ 25.344 263.63 +35.564 263.885 

1,2 Dichlorethylene 

H H 2- [Ca(H)CI)] + 2 gauche (C1) + [cis(Cl)(C1)] \ / 
C = C  W = 2 + R . l n 2  

/ \ 
C1 C1 0" = 2 - R . l n 2  

- 1.672 296.22 

Trichlorethylene 

H C1 
\ / 
C = C  

/ \ 
C1 CI 
Tetrachlorethylene 

C1 C1 
\ / 
C = C  

/ \ 
C1 CI 

[Cd(H)CI)] + [Cd(CI)2] + 1 gauche 

W = I  
a = l  

2" [Ca(C1)2 ] + 1 gauche 
W = I  

0 " = 2  - 2 . R . l n 2  

- 8.366 

- 10.876 

324.26 

340.774 " 

- 7.782 

- 12.134 

324.678 

340.996 
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Sf~ = + 127.24 - 46.02 + 61.92 + 102.51 

+ 121.63 - 9.13 

= + 358.15 [J/K �9 mol] 

which corresponds to the values above. 
A third example and the comparisons among the chlori- 
nated hydrocarbons (table 3.3) illustrate the use of  the 
correction terms as listed in table 3.1. 

Parks and Huffmann 13 suggested rules to account for 
changes in entropy and free energy of  formation accom- 
panying structural modifications of  a large number of  
compounds.  Many of  the thermochemical data which 
were available to these authors at the time no longer 
agree with the more precise values which have been deter- 
mined since then. I have included their values in table A.2 
only if no newer data could be found. 

Example 3." 
Calculation of  enthalpy and entropy of  formation for 
cis-l-ethyl,2-methyl,cis-4,5-dichlor-cyclohexane: 

C H 2 C H  3 

CI d CI 
Addition of  group properties: 

ethyl: [C(H)3C ] + IC(H)z(C)2] 
methyl: [C(H 3)(C)] 
C1 and Cz: 2 �9 [C(H)(C)3] 
C3 and C 6 : 2  �9 [C(H)2(C)2 ] 
C4 and C 5 : 2  �9 [C(H)(C)2(C1)] 

Corrections: 
cis-correction for alkyl: C1C2 
cis-correction for (C1) (C1): C4C 5 
gauche-correction for alkyh C1C2 
gauche-correction for (C1) (C1): C4C5 
C6-ring correction 
a and W are each l ;  - 2 - R ' l n 3  
accounts for the two methyl groups 

Hf  ~ Sf ~ 

- 42.17 - 20.63 
- 42.17 
2 - ( -  7.95) 
2 ' ( -  20.63) 
2" (-- 61.92] 

+ 127.24 + 38.41 
+ 127.24 
2 .  ( -  50.50) 
2 .  (38.41) 
2 .  (73.64) 

+ 4.184 
- 1.255 
+ 3.347 
+ 4.184 
+ 0.837 + 76.567 

- 18.269 

- 274.67 + 474.29 
[kJ/mol] [J/K .mol] 

800 ~ ' ' 

1 

,~176 1 
--~" 600"~ = " " " ,001 

-~ o 400 ] 

> . o . =  O! 
o~ Q i . J =  ~ 

"~ p - 1 0 0 !  
i,iJ gJ u.  

o o o -200i 

-300 i 

- 400  

Gfo = - 51,722 + 8.4923"C 

Modification rules which are applicable to today's  data 
are contained in tables 3.2 and A.3. A very general one 
can be deduced from figure 3.2 which is based on values 
for saturated n-hydrocarbons. The values were calculat- 
ed by applying the group increment method. Insertion of  
a methylene group into a hydrocarbon chain alters Hf  ~ 
and Sf ~ by -20 .63  [kJ/mol] and +38.41 [J /K- mol] 
respectively. The corresponding value for Gf  ~ is 
+ 8.49 [k J/moll. The rules apply for n-hydrocarbons 
with more than 2 carbon atoms. With the three modifica- 
tion terms one can also calculate Gf  ~ H f  ~ and Sf ~ for the 

Figure 3.2. Deduction of the elongation rule for the introduction of 
methylene groups into a hydrocarbon chain. The slopes of the lines 
( -  20.630, 38.410 and 8.4923) represent the increments in Hf ~ Sf ~ and 
Gf ~ for - C H  2 --, respectively. The corresponding increment values for 
the methylene group calculated from Weast's data 23 are: 38.530 for Sf ~ 
- 20.783 for Hf ~ and 8.3609 for Gf ~ 

3 4 5 6 7 8 9 1 0  1 1  1 2  1 3  4 
Number of Carbon Atoms [C ]  
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gaseous state of  straight chain primary alcohols with 
C > 2 and analogous mono-  and dicarboxylic acids 
larger than propionic acid and succinic acid respectively. 
The group additivity rules are the most practical means 
for the determination o f  the thermochemical values for a 
large number of  organic compounds. Hf  ~ values are esti- 
mated to lay within +_ 2.09 and +_ 12.55 [kJ/mol], those 
of  Sf ~ within + 1.26 and + 6.28 [J /K.  mol] respective- 
ly. The upper limits apply to heavily substituted com- 
pounds 1. 
Table A.2 contains a selection of  common microbial sub- 
strates and products. Some of  the values for gaseous 
states (labeled 'a '  in the reference column) have been 
compiled with the group increment method employing 
values of  table A.3. 

3.3 Alternative approaches 
Three additional methods for the calculation o f  thermo- 
chemical values should be mentioned: 
a) Gf  ~ derived from equilibrium constants, 
b) Gf  ~ derived from electrochemical potentials and 
c) the additivity rules for chemical bond properties. 

a) The change in standard Gibbs free energy (AGf ~ for 
the conversion of  substrate A, in its standard state, 
into products X and Y in their respective standard 
states is related to the equilibrium constant (K ~ by: 

AGf ~  ~  ~  ~  - R . T . l n K  ~ (51) 

For  reactions which proceed rapidly enough towards 
equilibrium, K ~ ( =  dissociation coefficient for acids 
(Ka), solubility product  for solids (Ks), etc.) can be 
determined experimentally. If  the free energy of  for- 
mation o f  all the reaction partners except one are 
known, the missing G f  ~ may be calculated from equa- 
tion (51): 

Gf  ~ = Gf  ~ + Gf  ~ + R .  T .  l n K ~  (52) 

Example: 
Gf  ~ for anhydrite may be derived from standard condi- 
tions from Gfs~ ( -744 .6 ) ,  Gf~247 ( - 5 5 3 . 6 )  and 

"~q~ d f - r  the solubility pro uct u anhydrite (Kcaso,~s = 
7.1 �9 10-5)23: 

Gf~ = ( -  533.6) + ( -  744.6) 

+ 8.3145 - 298.15 �9 1 0  - 3  - ln(7.1 �9 10 -5) 

= - 1321.88 [kJ/mol] 

(the value listed in table A.I  is - 1321.8 kJ/mol) 

Measured equilibrium values (K ~ obtained from experi- 
ments at various temperatures are graphically related to 
the inverse of  the temperature (l /T) by 

A Sf ~ " A Hf  ~ 1 
l ~ 1 7 6  = 2.3026. R - 2.3026" R ' T "  (53) 

AHf  ~ is calculated f rom the slope (m), ASf ~ from the 

intercept (Y0 of  a linear plot o f  log K ~ versus I /T 17: 

AHf ~ = - 2.3026 �9 R - m 
ASf ~ = + 2.3026 �9 Yl 

The unknown enthalpy and entropy of  formation of  sub- 
strate A is then obtained from 

H ~  = HtOx + Hf~ + 2.3026. R . m  (54) 

S ~  = Sf~ + S ~  - 2.3026. R . y  I (55) 

b) Thermochemical values can also be obtained through 
voltage change measurements which occur as a conse- 
quence o f  a redox-reaction taking place in an electrical 
cell under constant conditions of  pressure and tempera- 
ture. The voltage change (E ~ expresses the tendency of  
the two half-reactions to lose and gain electrons. Fara- 
day's  constant (F = 96.485309 [kJ/V. tool]) is used to 
convert volts into kilojoules. The energy which is released 
while n mol-equivalents of  electrons pass from reductant 
to oxidant is defined as 

- n .  F .  E ~ = AG o . (56) 

By convention, electrons which are lost by the oxidation 
half-reaction have a negative sign, electrons which are 
gained by the reduction half-reaction have a positive 
sign. E ~ is thus proportional to the Gibbs free energy 
of  reaction for standard state conditions. Thermochemi- 
cal values may be calculated from AG o as outlined 
under (3.3a) above. In combination with the equation 
AG o = - R �9 T .  In K ~ the equilibrium constant may be 
deduced directly from electrochemical measurements: 

n . F . E  o 
l ~ 1 7 6  = 2.3026 �9 R �9 T (57) 

c) Thermochemical values for small molecules in their 
gaseous state may also be estimated by the addition o f  
individual bond properties. As with the group increment 

m e t h o d ,  symmetry and isomeric corrections have to be 
accounted for separately. As an illustration, Hf  ~ and Sf ~ 
are calculated with the bond enthalpy and entropy values 
listed by Benson 1 for chloroform and toluene. 

Chloroform: 

CI 
I 

CI--C--H(g) 
I 
Cl 

3 . [ C - C 1 ] + I . [ C - H ] ;  a = 3  

H f  ~ = 3 .  [ -30 .96]  + [ -16 .02]  

= - 108.9 [kJ/mol] 

Sf ~ = 3 �9 [82.42] + [53.97] - R .  In 3 

= 292.1 [J/K" tool] 

The corresponding values in table A.2 are - 103.1 and 
295.6 respectively. 
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Toluene: 
H 

H-C--H 
H @ H  ~ 5 '  [ A r - H ]  + [ A r -  C] + 3 �9 [ C - H ] ;  

a = 3 + 2  
H H 

H 

Hf  ~ = 5" [13.61 + [30.331 + 3 �9 [-16.02] 

= 50.27 [kJ/mol] (to be compared with correspond- 
ing values discussed in section 3.1) 

Sf ~ = 5. [48.95] + [ -  72.8] + 3" [53.97] - R .  [ln 3 + In 2] 

= 318.96 [J/K. moll 

Values in table A.2 are 49.99 and 319.7 for Hf  ~ and Sf ~ 
respectively. 
The bond addition method works well for small 
molecules but it is less applicable to heavily branched and 
substituted compounds with bond partner atoms of dif- 
ferent electronegativities. 

4. Conclusion 

It is intended to design repositories for radioactive waste 
in such a way that the nuclides will be retained for very 
long periods of time. No radioactive material should 
escape and find its way into any of the ecospheres which 
are linked to life. Repositories are thus designed as closed 
ecosystems. Since contamination with microbes cannot 
be prevented, the repositories become habitats where mi- 
croorganisms can evolve physiological activities under 
appropriate conditions. Geological formations are fre- 
quently considered as sites for repositories since, from a 
thermodynamic point of view, rocks are normally rather 
stable solid phases. Many dissolution reactions are en- 
dergonic and remain so even when brought in contact 
with stabilized waste. Changing conditions, however, can 
lead to accelerated erosion and hence to destruction of 
the containment barriers and the repository location. 
Evaluating the long-term stability of repositories entails 
defining the state of reactivity of the waste system and the 
reaction rates. The state of reactivity can be judged from 
chemical characteristics of the matter present and from 
its thermodynamic behavior under defined boundary 
conditions. The rates by which the matter is transformed 
are determined by the activation energy, the temperature, 
the number of catalytic sites and the concentration of 
substrates and products. State parameters thus influence 
rates and vice versa. In this presentation I have empha- 
sized the effect of state parameters on the reactivity of the 
system and the role microbes play in altering state 
parameters. 
A system which is in a thermodynamic nonequilibrium 
state with regard to possible reactions between its com- 
ponents is a potentially reactive system and therefore 
labile. The labile system may change into a meta-stable 
one if all the reactions have attained equilibrium states 
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under the prevailing conditions. Any change in the condi- 
tions, however, can displace the equilibrium into a labile 
one again. Equilibria reached under anoxic conditions 
are always meta-stable states in relation to the oxic 
world. They remain stable as long as access of  oxygen is 
prevented. A repository has reached a stable state if all 
reactions have progressed to equilibrium and if changes 
in the conditions will not lead to a reactivation of the 
system. In a non-reactive system all components are fully 
oxidized, water being the only reduced species. An exter- 
nal input of energy is needed to reactivate a thermody- 
namically stable system. 
A mixed waste system containing oxidizable matter and 
oxidants is a thermodynamically unstable system. Its 
components are destined to react and the reaction prod- 
ucts will lead to alterations in the conditions and possibly 
also in the habitat. Changing state parameters like pH, 
pc, E, T, I, a w, addition of substrates and removal of 
products, will alter thermodynamic states and therefore 
the reactivity of a system. Microbes which mediate con- 
version reactions regulate the stability of the system 
through their influence on state parameters. In turn, mi- 
crobes which convert part of the free energy of reaction 
via biochemical pathways into work and chemical bond 
energy of biosyntheses products, need reactive systems to 
live. Microorganisms surviving in recta-stable systems 
might become active again once the system changes into 
a labile one. 
Conditions leading to exergonic reactions are a prerequi- 
site for a process to take place but do not alone suffice for 
the reaction to be mediated by microbes. Recalcitrant 
and xenobiotic compounds, for example, will not be 
transformed biologically. Evolution is yet progressing to 
the point where all organic molecules, both natural and 
man-made, can be degraded by microbial enzymes. But 
rates of changes in today's microbial inadequacy cannot 
be predicted for the future. 
Thermodynamic considerations are a means of forecast- 
ing directions and probabilities of reactions. Reaction 
rates cannot be deduced and hence the time scale for 
alterations cannot be predicted. Forecasts based on ther- 
modynamic considerations are valid only for the chosen 
set of  boundary conditions. Alterations in these state 
parameters will lead to variations in the scenario. 
Equations derived from thermodynamic laws represent 
ecological state functions (table A.4). They are well suit- 
ed to describe the energetic conditions within a particular 
ecosystem. Applied to microbial ecology of nuclear waste 
repositories they: 
- provide a means for quantitative description of the 

chemical non-equilibrium state, 
- might clarify relationships between ecological state 

parameters and their variabilities, 
- can be used to calculate the thermodynamic functions 

from which directions of reactions are predicted, 
- guide in selecting the proper parameters to be mea- 

sured in the environment, 
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- permit one to design model calculations about  possible v~,j 
or expected reactions under changing conditions or to x, y, z 
eliminate impossible processes, and y~ 

- help in designing experiments and in choosing the zj 
appropriate kind of  observations to be pursued in the [] 
natural environment and in artificial microbial ecosys- { } 
tems. < > 

[--C~Hb--I 

A b b r e v i a t i o n s  [ C ( H h ( C ) ( C O ) ]  

a, b, c, d, e, f, stoichiometric coefficients ~o, ~ ~2 

g, x, y, z 70, 71, 72 

act actual conditions, e.g. Tar go, gt 

aj ion size parameter  in [10 - s  cm] $0 ,91 ,  ;92 

(am) amorphous state 3 ~ 

(aq) aqueous state 1-I 

[atm] standard atmosphere: ~v 
1 [atm] ~ 101325 [Pa] ~ 760 [Torr] 

1.01325 [bar] a 

a w water activity I + ,  II - ,  V + ,  

bar 1 [bar] -= 102 [Pa] ~- 0.986923 [atm] U, R, etc. 
~- 750.062 [Torr] + ,  - ,  2 - ,  3 + 

c denotes combustion, e.g. AH ~ h etc, 

c i concentration of  chemical species i o 

c o standard concentration of species j [1 tool/din 31 

e - electron 

e base of natural  logarithm = 2.71828183 0, 

emf electromotive force 

eq equilibrium 

exp exponential function to base e A, B, C, D, . . .  X, Y, Z 

f denotes thermochemical quanti ty associated A, B 
with the formation of a substance from elements 
in their reference state, e.g. Gf, HI', Sf 

fj Debye-Hiickel activity correction factor A - ,  A 2- 

(g) gaseous state [~ 

h surplus charge of  biomolecule Cr  

i, j chemical species designation 

(1) liquid state C, H, O, N, P, S 

[1] liter 

In natural  logari thm = 2.302585 - 10 log [Da] 

In 10 natural  logarithm of 10 = 2.302585 E 

m slope of a linear function E~ 

n number of electrons transferred 
EO~ 

neq non-equilibrium F 

ax oxidized 

p pressure G f0 

p0 standard state pressure 1 [atm] (earlier), 1 [bar] AGf0 

(today) A G ~ 
pe - log {e- } ; electron activity 

pe ~ electron activity reference state AGr 0, 
= ~" log Keq ~ F �9 E~ �9 R .  T 

pK - log K 

+ q number of  protons transferred, + if  they are A G r 
produced, - if  they are consumed 

r denotes thermodynamic quanti ty associated H + 
with a reaction, e.g. AG,, AH r, AS r Hf0 

ref reference state e.g. Tr~ ~ = 298.15 [K] A Hf  ~ 

red reduced A H ~ 

(s) solid state 

stoichiometric coefficients of species i, j 

stoichiometric coefficients 

intercept on y-axes 

charge of species j 

designates concentration, or monomer  unit  

designates activity 

designates hypothetical unit  molecule, e.g. for 
b i o m a s s  

designates repetitive molecular fragment e.g. 
monomer molecule 

designates group increment 

acid-base pair distribution coefficients 

for mono- and diprotic acids 

sum of terms 

product of terms 

temperature-dependent dielectric coefficient of 
water 

symmetry factor 

designates oxidation states 

designates ionic charges 

denotes standard state conditions with reactants 
in their pure state present at a pressure of I [atm] 
if the reactants are gases or 1-molal concentra- 
tions if  the reactants are solutes 

denotes standard state except for 1 reactant (e.g. 
pH 4: 0) 

chemical species 

Debye-Hfickel-Onsager parameters 
A = 1.82.106 (ex' T) -3/2 
B = 50.3 " (ex" T) - i n  

anions of mono and diprotic acids 

temperature in degree Celsius = T/K - 273.15 

sum of inorganic carbonate species 
= [CO2(a.)] + [H2CO3(aq)] + [HCO3(aq )] 
+[CO{-J 

most common chemical elements in organic 
biomolecules 

Dalton 

electrochemical potential in [V] = emf 

standard emf = electrochemical reference poten- 
tial [V] = - AG~ �9 F ~ 2.3026. RT - p,~ 

standard emf at pH 4 :0  

Faraday's  constant = 96.485309 
[kJ ' m o l -  1 . V -  1] 

standard free energy of formation [kJ/mol] 

standard Gibbs free energy change of formation 

change of  Gibbs free energy of reaction .at stan- 
dard conditions = - R �9 T .  InK ~ 

change of Gibbs free energy of  reaction at  stan- 
dard conditions except for one reactant (e.g. at 
pH 4: 0) 

change of Gibbs free energy of reaction at actual 
conditions 

proton 

standard enthalpy of formation [kJ/mol] 

standard enthalpy change of formation 

change of enthalpy of  reaction at  standard con- 
ditions 
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AHr 

aH o 

HA, H2A 

I 

IAP 

[J] 

[K] 
K 

K'. K~ 

K 0 

KD 

Keq ~ K ~ 

log Keq 

KH 
K 7 

K'~ 
K 0, 

K~ 

[k J] 

LT 

M 

P 

[Pal 

Q 
Q, 

- R -  

R + 

R 

R T 

S 

Sf 0 

A Sf ~ 

as o 

AS~ 

ST 

T 

U 

iv] 
V0 

W 

X, Y 
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change of enthalpy of reaction at  actual condi- 
tions 

change of standard heat of combustion 

mono- and diprotic acids, protonated 

ionic strength = x . 2 7 ~ c j  z~ [mol/l] 

ion activity product 

Joule 

temperature in Kelvin degree 

dissociation, equilibrium or solubility coefficient 

temperature and/or  ionic strength corrected dis- 
sociation coefficient 

thermodynamic acid dissociation coefficient 

Ostwald coefficient = K~ - R - T [ - ] 

thermodynamic equilibrium coefficient 

= - AG~~ �9 R .  T 

Henry's  law constant [mol .  1- i . atm 1] 

thermodynamic solubility product for standard 
conditions 

actual solubility product for I 4= 0 

operational solubility product for standard con- 
ditions at I = 0 

dissociation coefficient of water 

kilojoule = 103 Joule 

sum of inorganic sulfate species 
= [H2SO4] + [HSO~-] + [SO42-~ 

sum of minor elements in organic molecule 

reaction-product 

1 Pascal ~ 9.86923 �9 10  - 6  [atm] ~ 7.50062. 
10- 3 [Tort] 

ratio of actual activity products of reactants 

ratio of actual activity products of reactants ex- 
cluding protons (or/and electrons in half-reac- 
tions) 

rest of organic molecule, mostly C-entity 

average oxidation state of  M 

gas constant  = 8.31451 �9 10 -3 
[kJ. mol 1 . K 1] (concentration basis) 
=82 .057844 .10  3 [ a t m . l . m o l  - l - K  -1] 
(pressure basis) 

sum of acetate and acetic acid 
= [CH3COO ] + [CH3COOH] 

substrate 

standard entropy of formation [J /K.  moll 

standard entropy change of formation 

change of entropy of reaction at s tandard condi- 
tions 

change of entropy of reaction at actual condi- 
tions 

sum of inorganic sulfide species 
=[HAS ] + [ H S  ] + [ S  2-1 

thermodynamic temperature in [K] 

oxidation state (number) of carbon in an organic 
molecule 

volt 

molar  volume of ideal gas (at pO= 1bar,  
T = 273.15 K) = 22.71108 [1 " tool-  x], 

22.41409 [1. mol 1] for p0 = 1 [atm] and 
T = 273.15 K; for pO = 1 [atm] and 
T = 298.15 K, V o = 24.46554 [1. mo1-1] 

number of possible structural configurations 

chemical species 

A p p e n d i x  

Unless indicated otherwise the values listed in tables 
A . I - A . 3  are valid for standard conditions of  pressure 
(p = 101 325 Pascal = 1 atm) and temperature (T = 
298.15 K = 25 ~ The physical states are labeled with g 
for gaseous, 1 for liquid, am for amorphous,  s for solid 
and aq if the compound is dissolved in water. Hf  ~ Sf ~ 
and Gf  ~ represent the changes in enthalpy and entropy of  
formation and the Gibbs free energy of  formation respec- 
tively when 1 gram-mol of  the compound in its standard 
state is formed isothermally at the indicated temperature 
T from the elements in their standard reference state. The 
standard state free energy and enthalpy-values (Gf~ 
and H Y z 9 8 A s )  for the elements are zero. 
The change of  a substance from its gaseous to its liquid 
state is associated with an entropy decrease (increased 
order) and an increase in the absolute value of  the en- 
thalpy. Entropies of  vaporization for most of  the sub- 
stances listed in table A.2 vary between 40 and 120 [J/ 
K - mol], those for enthalpies of  vaporization between 5 
and 40 [k J/moll 3. The values are deduced from measure- 
ments of  heat of  vaporization. Dissolution of  a solute in 
water and the formation of  ions and aquo-complexes 
may produce or absorb heat. Heats of  solution and ion- 
ization are therefore also linked to entropy and enthalpy 
changes. Although proper thermochemical values for 
aqueous states are important  for the application of  ther- 
modynamics to natural systems, their calculation would 
go beyond the limit of  this presentation. 
The standard state for an aqueous solution of dissolved 
solute j is defined for a hypothetical ideal solution con- 
taining 1 tool of  solute (1 molal). Hf  ~ of j  in the l-molal 
solution is the same as in the indefinitely dilute real solu- 
tion; enthalpy of  dilution is then zero. Hf~ for 
solutes in their standard state are thus the apparent molal 
enthalpies of  formation of  the compound in the infinitely 
dilute real solution (ionic strength I = 0). 
The thermochemical values of ions in aqueous solutions are 
based on the convention that Hf  ~ Gf  ~ and Sf ~ for the 
proton (aqueous standard state, l-molal) are zero. Values 
for undissociated acids (labeled 'b '  in table A.2) are cal- 
culated from the Gf~ of  the dissociated forms and 
the dissociation coefficients: 

HA <:~ A -  + H +; A G o = G f  ~ + Gfn~ - Gf~ 

= - -  R '  T .  In K ~ 

Since G~+  = 0 (table A.1): 

GfH~ ~ + R - T - I n K  ~ 

= G f  ~ - - 2 . 3 0 2 6 . R . T . p K  ~ (1A) 

and for diprotic acids: 

Gfn~ = Gf%_ -- 2,3026'  R"  T" (pK~ + PK~ (2A) 

The following dissociation equilibrium constants were 
used (values given as pK ~ = - log K~ propionic acid 
4.88; butyric acid 4.81; succinic acid PK~ =4.16 ,  
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Table A 1. Mola r  s t anda rd  Gibbs  free energy (Gf~ entha lpy  (Hf  ~ a n d  ent ropy (Sf ~ o f  fo rmat ion  o f  some inorganic  c o m p o u n d s  relevant in na tura l  
ecosystems. (Sequence o f  a r rangement :  H , O ,  C, N,  P, S, Halogen,  Fe, Mn,  Ca,  Mg, Na ,  K,  A1, Si) 

Element:  H y d r o g e n  
C o m p o u n d  name  Fo rmu la  State Gf~298) 1 Hf~98) Sf~98) Ref. 

[ k J . m o l -  ] [kJ .mo1-1]  [ J . K -  a .mol  - l ]  

Electron e -  g / aq  0 0 + 65.25 
Pro ton  H + (pH = 0) aq 0 0 0 22 
Hydrogen  H 2 g 0 0 + 130.5 22 

aq 17.55 - 4 . 1 6  + 57.7 

Element:  Oxygen 
C o m p o u n d  name  Fo rmu la  State Gf~29 s ) Hf~298) 1 S f~z98)a Ref. 

[kJ .mo1-1]  [ k J . m o l -  ] [ J - K -  -mo1-1] 

Oxygen 0 2 g 0 0 + 205.0 22 
aq  + 16.4 - 11.7 +110 .9  22 

Water  H 2 0  1 - 2 3 7 . 2  - 2 8 5 . 8  + 69.9 22, 23 
g - 2 2 8 . 6  - 2 4 1 . 8  + 188.7 22, 23 

HydroxyI  O H -  aq  - 157.3 - 230.0 - 10.7 22, 23 
Ozone 0 3 g +135 .6  + 1 4 3 . 2  +238 .8  23, 1 
Hydrogen  peroxide H202  aq  + 134.0 -- 191.2 + 143.9 22 

g + 1 0 5 . 4  -- 136.1 + 232.9 1 

Element: C a r b o n  
C o m p o u n d  name  Fo rmu la  State Gfi~ Hf~298 ) Sf~298)1 Ref. 

[kJ 'mo1-1]  [kJ .mo1-1]  [ J . K -  . tool -1] 

Graphi te  C 
C a r b o n  dioxide CO a 

Carboxyl ic  acid H2CO 3 
Bicarbonate  H C O ~  
Carbona t e  CO 2 - 
C a r b o n  monoxide  CO 

Carbondisulf ide  CS 2 

Carbonoxisulf ide  COS 
Methane  C H  4 

undissoc.  

s 0 0 + 5.74 22 
g - 3 9 4 . 4  - 3 9 3 . 5  +21317 22, 1 
aq  - 386.0 - 413.8 + 117.6 22 
aq  - 6 2 3 . 2  - 6 9 9 . 6  + 187.4 22, 23 
aq  - 5 8 6 . 9  - 6 9 2 . 0  + 91.2 22, 23 
aq - 5 2 7 . 9  - 6 7 7 . 1  - 56.9 22, 23 
g - 137.2 - 110.5 + 197.6 22, 23 
aq  - 119.9 - 121.0 + 104.6 23 
1 + 65.3 + 89.7 +151 .3  23 
g + 67.2 + 1 1 7 . 4  +237 .7  23 
aq  + 89.1 
g - 169.3 - 142.1 + 231.5 23 
g - 50.8 - 74.8 +186 .2  23 
aq  - 34.4 - 89.0 + 83.7 23 

Element:  Ni t rogen 
C o m p o u n d  name  Fo rmu la  State G ft~ Hf~298~ 1 Sf~298)1 1 Ref. 

[kJ .mo1-1]  [ k J . m o l -  ] [ J . K -  . m o l -  ] 

N i t rogen  N 2 g 0 0 + 191.5 22, 23 
aq  + 18.2 - 10.5 + 95.4 12 

Ni t rogen oxide N O  g + 86.6 + 90.2 +210 .8  22, 23 
Dini t rogen oxide N 2 0  g + 104.2 + 82.0 +219 .8  22, 23 
Ni t rogen dioxide N O  2 g + 51.3 + 33.2 +240 ,0  22, 23 
A m m o n i a  N H  3 g - 16.5 - 46.1 +192 .7  22, 23 

undissoc, aq  - 26.6 - 80.3 +111 .3  22, 23 
A m m o n i u m  N H 2  aq  - 79.4 - 133.3 + 111.2 22, 23 
Ni t rous  acid H N O  2 undissoc, aq  - 50.6 - 1 1 9 . 2  +135 .6  22 

g - 46.0 - 76.6 (300 K) +249 .4  (300 K) 1, 21 
Nitrite N O  2 aq  - 32.2 - 104.6 + 123 22, 23 
Nitr ic acid H N O  3 undissoc,  aq  - 111.3 - 207.4 + 146.4 22, 23 

g 74.8 - 134.3 (300 K)  + 266.5 (300 K) 21, 1 
(dilute acid solution) H N O 3  au aq  - 2 0 2 . 9  23 
Ni t ra te  N O  3 aq  - 111.3 - 2 0 7 . 4  + 146.9 14, 22, 23 

Element: Phosphorus  

C o m p o u n d  name  Fo rmu la  State Gfi~ Hf~298) 1 Sf~98~1 �9 1, Ref. 
[kJ .mo1-1]  [ k J . m o l -  ] t J ' h -  . m o V  1 

Phosphorus  white P undissoc,  s 0 0 + 41.1 23 
Phosphor ic  acid H3PO 4 aq  - 1142.6 - 1288.3 +158 .2  22 
Dihydrogenphospha te  HaPO, ;  aq  - 1130.3 - 1296.3 + 90.4 22 
Hydrogenphospha t e  H P O ~ -  aq  - 1089.1 - 1292.1 - 33.5 22 
Phospha te  PO~-  aq  - 1018.8 - 1277.4 - 2 2 2 . 0  22 
Hydrox iapa t i t e  Ca lo(PO4)6OH 2 s - 12677.0 - 13 477.0 + 780.7 22 
Brushite C a H P O 4 " 2 H 2 0  s - 2154.8 - 2403.6 +189 .5  22, 23 
Monet i te  C a H P O  4 s - 1681.3 , 1814.4 + 1 1 1 . 4  22 
Calcium hydrogen-  
phospha te  Ca(HPO4)  aq  - 1642.8 - 1835.0 - 86.6 23 
Ca-d ihydrogen-  
phospha te  prec. Ca(H2PO4) 2 s - 2812.0 - 3114.6 +189 .5  9 
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E lemen t :  P h o s p h o r u s  cont .  

C o m p o u n d  n a m e  F o r m u l a  State  G f ~ g s )  Hf~9s)  1 Sf~98)1 1 Ref .  
[ k J ' m o 1 - 1 ]  [ k J . m o l -  ] [ J . K -  . m o l -  ] 

C a - d i h y d r o g e n -  
p h o s p h a t e  C a ( H z P O 4 )  2 aq  - 2814.3 -- 3135.4 + 127.6 23 
C a - d i h y d r o g e n -  
p h o s p h a t e  prec.  C a ( H 2 P O 4 ) 2 . H 2 0  s -- 3058.4 -- 3409.7 + 2 5 9 . 8  
C a - p h o s p h a t e  Ca3(PO4)  2 s - 3884.8 - 4120.8 + 2 3 6 . 0  

Ca3(PO4)  2 aq  - 3698.2 - 4183.2 - 6 0 2 . 5  
St rengi te  F e P O 4 . 2 H 2 0  s - 1657.5 -- 1888.2 + 1 7 1 . 3  
He te ros i t e  F e P O  4 s - 1184.9 - 1297.5 + 1 0 0 . 8  
Viv ian i te  F e s ( P O 4 ) 2 . 8  H 2 0  s - 4377.2 
F e r r o u s  h y d r o g e n -  
p h o s p h a t e  ( ion pai r )  F e ( H P O 4 )  ~ 

F e r r o u s  d ihyd rogen -  
p h o s p h a t e  ion  F e ( H 2 P O 4 )  + 
Berl ini te  A I P O  4 
Varisci te  A I P O  4 �9 2 H z O  
M a n g a n e s e p h o s p h a t e  
prec. M n a ( P 0 4 )  2 
F a r r i n g t o n i t e  M g a ( P O 4 )  2 
M a g n e s i u m h y d r o g e n -  
p h o s p h a t e  M g ( H P 0 4 )  ~ 
M a g n e s i u m d i h y d r o g e n -  
p h o s p h a t e - i o n  M g ( H E P 0 4 )  + 
M a g n e s i u m p h o s p h a t e -  
ion M g ( P O 4 )  - 
P h o s p h i n e  P H  a 

aq  

aq  

S 
s 

s 
s 

aq  

aq  

-- 1617.9 - 1733.9 + 90.8 22 
-- 2111.4 -- 2353.3 + 1 3 4 . 5  12 

- 2858.0 -- 3226.0 + 2 9 9 . 6  9 
-- 3538.7 - 3780.7 + 189.2 22 

- 1563.4 22 

aq  
g + 13.39 + 5.44 + 2 1 0 . 1 2  23 
aq  + 2 5 . 3 1  - 9.50 + 120.08 23 

23 
23 
23 
22, 23 
12 
20 

E l e m e n t :  Su l fur  
C o m p o u n d  n a m e  F o r m u l a  State Gf~981 Hf~98) Sf~98) Ref .  

[ k J .mo1- 1 ]  [ k J .mo1- 1 ]  [ J . K  1-mo1-1]  

Sul fur  S O ( rhombic )  s 0 0 + 32.1 22, 23 
S O (monocl in ic )  s + 0.1 + 0.3 + 32.6 22, 12 
S O (cyclo) s + 102.5 (300 K)  + 431 (300 K)  1 

D i h y d r o g e n  sulfide H z S  g 33.6 - 20.6 + 205.8 22, 23 
undissoc ,  aq  - 27.9 39.7 + 121.0 22 

H y d r o g e n  sulf ide H S -  aq  + 12.1 - 17.6 + 62.8 22 
Sulf ide S 2-  aq  + 85.8 + 33.1 - 14.6 22 
Disu l f ide  S~ aq  + 79.5 + 30.1 + 28.5 22 
Trisulf ide $32- aq  + 73.7 + 25.9 + 66.1 22 
Tet rasul f ide  S 2 -  aq  + 69.1 + 23.0 + 103.3 22 
Pen tasu l f ide  S 2 -  aq  + 65.7 + 21.3 + 140.6 22 
Polysulf ide  S 2 
Th iosu l f a t e  $2 O2 - 
H y d r o g e n t h i o s u l f a t e  H S 2 0  3 
Dihydrogenthiosulfate H2S20 3 
D i t h i o n a t e  $2062 - 
Tr i th iona te  S~O~ 
T e t r a th iona t e  $4062 - 
P e n t a t h i o n a t e  $5062 
Po ly th iona t e  S ,O6  z - 
D i th ion i t e  (Hydrosu l f i t e )  $2042- 
H y d r o g e n d i t h i o n i t e  H S 2 0  4 
D i h y d r o g e n d i t h i o n i t e  H 2 S 2 0 4  
Disu l f i t e  (Pyrosul f i te )  $ 2 0  ~-  
D i t h i o n a t e  $ 2 0  ~ 
Perox id i su l fa te  $ 2 0  ~ - 
D i h y d r o g e n p e r o x i d i -  

sulfa te  H25208 
Sul fur  d iox ide  SO2 

Sul fur  t r ioxide  SO 3 
Sul fur  m o n o x i d e  S O  
Su l fu rous  ac id  H 2 S O  a 
H y d r o g e n  sulfi te HSOf 
Sulfi te S 0 2  - 

Sulfur ic  acid  H 2 S O  4 
Sulfur ic  acid  (dil. 
a q u e o u s  sol.) H 2 S 0 4  d.. 
H y d r o g e n  sulfa te  H S O  4 
Sulfa te  SO~ - 

undissoc .  

undissoc .  

undissoc .  

undissoc .  

undissoc .  

undissoc .  

aq  -- 522.5 - 648.5 + 67.0 10, 22 
aq  -- 523.6 - 624.7 + 162.8 12 
aq - 527.0 - 604.4 + 242.2 12 
aq  - 966 - 1 1 7 3 . 2  + 126 9 
aq - 958.0 - 1 1 6 7 . 0  + 138.0 10, 9 
aq  - 1040.4 - 1224.2 + 257.3 10, 22 
aq - 956.0 - 1 1 7 6 . 0  + 167 10, 9 

aq  - 600.3 - 753.5 + 92.0 22 
aq - 614.5 22 
aq  -- 616.6 22 
aq  -- 791.0 - 971 + 105 9 
aq  -- 966 - 1 1 7 3 . 2  + 126 9 
aq  -- 1114.9 - 1344.7 + 244.3 22 

aq  - -1096  - 1 3 5 6 . 9  + 146 9 
g -- 300.2 - 296.8 + 248.1 22, 1 
aq  -- 300.7 - 323.0 + 162.0 21 
g - 371.1 - 395.7 + 256.8 22, 1 
g -- 19.8 6.26 + 221.8 22, 1 
aq  -- 537.8 - 608.8 + 232.2 22 
aq  -- 527.7 - 626.2 + 139.7 22 
aq  -- 486.6 - 635.5 -- 29.3 22, 23 
aq  - 744.6 - 909.3 -- 20.1 23 

aq  - 893.5 23 
aq  -- 756 - 887.3 + 131.8 22, 23 
aq  -- 744.6 - 909.6 + 18.8 22, 23 
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Table  A 1. C o n t i n u e d  

R e v i e w s  

E l e m e n t s :  H a l o g e n s  
C o m p o u n d  n a m e  F o r m u l a  State  0 Gf1298 ) �9 Hf~98)  5f1298 ) 0 Ref .  

[ k J ' m o l -  1] [ k J . m o l -  1] [ J . K -  l . m o l -  1] 

Ch lo r ide  C1-  aq  - 1 3 1 . 2  - 1 6 7 . 1  + 56.7 22 
F l u o r i d e  F -  aq  - 2 7 8 . 8  - 3 3 5 . 4  - 13.2 22 
B r o m i d e  B r -  aq  - 104.0 - 121.5 + 82.8 22 
Iod ide  I -  aq  - 51.6 - 56.9 + 1 0 6 . 7  22 
H y d r o g e n c h l o r i d e  HC1 g - 95.3 - 92.3 + 1 8 6 . 8  22 
H y d r o g e n c h l o r i d e  
(dil. a q u e o u s  sol.) HC1 aq  - 131.2 - 166.7 + 55.1 15, 23 
H y d r o g e n b r o m i d e  H B r  g - 53.4 - 36.4 + 1 9 8 . 6  22 
H y d r o g e n b r o m i d e  
(dil. a q u e o u s  sol.) H B r  aq  - 121.2 23 
H y d r o g e n f l u o r i d e  H F  g - 273.2 - 273.3 + 173.7 22 

H y d r o g e n f l u o r i d e  
(dil. a q u e o u s  sol.) H F  aq  - 2 9 6 . 8  - 3 2 0 . 1  + 88.7 22, 23 
H y d r o g e n i o d i d e  H I  g + 26.4 + 2 0 6 . 5  23 
H y d r o g e n i o d i d e  
(dil. a q u e o u s  sol.) H I  aq  - 54.8 23 

E l e m e n t :  I r o n  

C o m p o u n d  n a m e  F o r m u l a  State G f(~ 1 H f~298) Sf~298)1 Ref .  
[ k J . m o l -  ] [ k J -mo1-1 ]  [ J . K -  .mo1-1]  

I r o n  meta l  Fe  s 
F e r r o u s  ion  Fe ( I I  + ) z  + aq  
Fe r r i c  ion  F e ( I I I  + )3 + aq  
Fe r r i c  t e t r ahyd rox i  ion  F e ( O H ) 2  aq  
Fe r r i c  d ihydrox i  ion  F e ( O H ) ~  aq  
Fe r r i c  hyd r ox i  ion  F e ( O H )  2 § aq  
F e r r o u s  hyd r ox i  i on  F e ( O H )  § aq  
F e r r o u s  t r ihydrox i  ion  F e ( O H ) ~  aq  
F e r r o u s  ox i (hydrox i )  ion  F e O ( O H ) -  aq  
F e r r o u s  t e t r ahyd rox i  ion  Fe(OH)42- aq  
F e r r o u s  h y d r o x i d e  
( A m a k i n i t e )  F e ( O H )  2 s 
prec.  whi te  F e ( O H )  2 s 
i on  pa i r  F e ( O H )  ~ aq  
F e r r i c - h y d r o x i d e  prec. F e ( O H ) a  s 
i on  pa i r  F e ( O H )  ~ aq  
G o e t h i t e  ~ - F e O ( O H )  s 
Fe r r i c  (hydr )ox ide  F e O ( O H )  a m  
Fe r r i c  oxide  ion  F e 2 0  ] -  aq  
H a e m a t i t e  ~ - F e 2 0  3 s 
M a g n e t i t e  F e 3 0  4 s 
Sider i te  F e C O  3 s 
F e r r o u s  h y d r o g e n -  
c a r b o n a t e  ion  F e ( H C O 3 )  § aq  
Py r rho t i t e  FeS  s 
Py r rho t i t e  i ron  r ich FeS  s 
Py r rho t i t e  i ron  p o o r  
= sul fur  r ich Feo.8778 s 
Pyr i te  FeS  2 s 
M a r c a s i t e  FeS 2 s 
S t rengi te  F e P O  4 - 2 H 2 0  s 
He te ros i t e  F e P O  4 s 
Viv ian i te  Fe3(PO4)  2 . 8 H 2 0  s 
F e r r o u s  sul fa te  F e S O  4 s 
Me lan t e r i t e  F e S O  4 . 7 H 2 0  s 
Fe r r i c  sulfa te  Fe2(SO4)  3 s 
Fe r r i c  sulfa te  ion  Fe(SO4)  § aq  

0 0 + 27.3 22 
- 78.9 - 89.1 - 1 3 7 . 7  22 
- 4.6 - 48.5 - 3 1 5 . 9  22, 23 
- 843.9 12 
- 457.2 - 551.3 - 1 8 . 0  11 
- 229.4 - 290.8 - 1 4 2  22 
- 277.4 - 324.7 - 29 22 
- 614.9 22 
- 379.1 25 
- 769.7 22 

- 493.0 - 573.2 + 92.5 12 
- 486.6 - 569.0 + 87.9 22, 23 
- 459.2 12 
- 696.6 - 823.0 + 1 0 6 . 7  22, 23 
- 659.4 22, 23 
- 490.4 - 559.0 + 67.4 12 
- 462 9 
- 464.4 25 
- 742.2 - 824.2 + 87.4 22 
- 1015.5 - 1118.4 + 146.4 22, 23 
- 666.7 - 740.6 + 92.9 22 

- 100.8 - 100.4 + 60.3 7 
- 100.4 - 100.0 + 60.3 22 

- 93.6 - 92.0 + 60.7 22 
- 166.9 - 178.2 + 52.9 22 
- 158.4 - 169.4 + 53.9 14 
- 1657.5 x- 1888.2 + 171.3 22, 23 
- 1 1 8 4 . 9  - 1 2 9 7 . 5  + 1 0 0 . 8  12 
- 4 3 7 7 . 2  20 
- 820.8 - 928.4 + 1 0 7 . 5  22 
- 2509.9 - 3014.6 + 409.2 22 
- 2250.0 - 2576.9 + 282.8 14 
- 775.6 22 

E l e m e n t :  M a n g a n e s e  
C o m p o u n d  n a m e  F o r m u l a  State  Gf~z9s ) Hf~9s)  a Sf~~ 1 Ref .  

[kJ -mo1-1]  [ k J . m o l  ] [ J . K -  . m o l -  ] 

M a n g a n e s e  M n  s 0 0 + 32.0 23 
M a n g a n e s e  ( I I + )  ion  M n ( I I + )  z+ aq  - 228.0 - 220.7 - 73.6 22, 23 
M a n g a n e s e  0 I I + )  ion  M n ( I I I + )  3+ aq  - 85.4 - 100.4 - 213.0 12 
M a n g a n e s e  ( I I  + )  
h y d r o x i  ion  M n ( O H )  + aq  - 405.0 - 450.6 - 17.0 22 
M a n g a n e s e  ox i (hydrox i )  
ion  M n O ( O H ) -  aq  - 505.8 9 
M a n g a n e s e  t r i hyd rox ide  M n ( O H ) 3  s . - 757.0 - 887.0 + 99.6 9 
ion  pa i r  M n ( O H )  ~ aq  - 744.3 21 
P y r o c h r o i t e  M n ( O H ) 2  s - 616.7 - 702.1 + 81.6 12 
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E lemen t :  M a n g a n e s e  cont .  
C o m p o u n d  n a m e  F o r m u l a  State  Gf~98)  1 Hf~98)  Sf~9s) l  1 Ref .  

[ k J . m o l -  ] [ k J . m o l - 1 ]  [ J . K -  . m o l -  ] 

M a n g a n e s e  d ihyd rox ide  
prec.  M n ( O H )  2 a m  - 615.1 - 695.4 + 99.2 22, 23 
M a n g a n i t e  c t - M n O ( O H )  s - 557.3 - 615.3 16 

Bixpyi te  M n 2 0  3 s - 881.2 - 959.0 + 1 1 0 . 5  22, 23 
H a u s m a n n i t e  M n 3 0 4  s - 1283.2 - 1387.8 + 155.6 22 
Pyrolus i te  3,-MnO 2 s - 465.1 - 520.0 + 53.0 22 
M a n g a n o s i t e  M n O  s - 362.9 - 385.2 + 59.7 22 
R h o d o c h r o s i t e  na tu ra l  M n C O  3 s - 816.7 - 894.1 + 85.8 22 
prec. M n C O  3 s 813.0 - 887 + 99.6 9 
M a n g a n e s e  c a r b o n a t e  M n ( C O 3 )  ~ aq  - 751.4 - 895.0 - 1 3 6 . 8  15 
M a n g a n e s e  h y d r o g e n -  
c a r b o n a t e  ion  M n ( H C O 3 )  + aq  - 820.0 22 
A l a b a n d i t e  g reen  M n S  s - 218.4 - 214.2 + 78.2 22 
prec. M n S  s - 223.0 9 
H a u e r i t e  M n S  a s - 232.2 - 244.6 + 54.0 12 
M a n g a n e s e  sulfa te  M n S O  4 s - 957.4 - 1065.2 + 112.1 22 
M a n g a n e s e  p h o s p h a t e  

prec. Mn3(PO4)  z s - 2858.0 - 3226.0 + 299.6 9 

E l e m e n t :  C a l c i u m  

C o m p o u n d  n a m e  F o r m u l a  Sta te  Gf~98) 1 Hf~98)  Sf(~ 1 Ref.  
[ k J . m o l  ] [ k J - m o l  1] [ J - K - - m o l  ] 

C a l c i u m  C a  s 0 0 + 41.4 23 
C a l c i u m  ion C a  2+ aq  - 553.6 - 542.8 - 53.1 22 
C a l c i u m  hydrox ide  ion C a ( O H )  + aq  - 717.0 - 764.3 - 14.6 12 
Ca l c ium  c a r b o n a t e  
(ion pai r )  Ca (CO3)  ~ aq  - 1098.9 12 
C a l c i u m  hydrogen-  
c a r b o n a t e  ion  C a ( H C O 3 )  § aq  - 1145.0 4 
C a l c i u m  sulfa te  (ion pai r )  Ca(SO4)  ~ aq  - 1 3 1 0 . 4  - 1 4 4 8 . 5  + 20.5 12 
Calci te  C a C O  3 s - 1128.8 - 1206.9 + 92.9 22 
A r a g o n i t e  C a C O  3 s - 1127.8 - 1207.1 + 88.7 22 
D o l o m i t e  C a M g ( C O 3 )  2 s - 2163.9 - 2326.3 + 155.2 22 
A n h y d r i t e  C a S O  4 s - 1321.8 - 1434.1 + 106.7 22 
G y p s u m  C a S O  4. 2 H 2 0  s - 1797.6 - 2022.6 + 194.1 22 
Ca l c ium  sulf ide  C a S  s 477.4 - 482.4 + 56.5 22 
(O ldhami t e )  
C a l c i u m  p h o s p h a t e s  
see ' P h o s p h o r u s ' .  

Element: Magnesium 
C o m p o u n d  n a m e  F o r m u l a  State  Gf~  Hf~98)  Sf~98) 1 Ref .  

[kJ m o l -  ] [kJ -mo1-1]  [ J ' K -  " m o l -  l] 

M a g n e s i u m  M g  s 0 0 + 32.7 23 
M a g n e s i u m  ion M g  a + aq  - 454.8 - 466.8 - 138.1 22 
M a g n e s i u m  hydrox ide  ion  M g ( O H )  § aq  - 626.7 22 
M a g n e s i u m  d ihyd rox ide  M g ( O H ) 2  s - 833.7 - 924.7 + 63.1 15 
M a g n e s i u m  c a r b o n a t e  ( i .p . )  M g ( C O 3 )  ~ aq  - 1002.5 12 
M a g n e s i u m  hydrogen-  
c a r b o n a t e  ion M g ( H C O 3 )  § aq  - 1047.2 22 
M a g n e s i u m  sulfa te  ( i .p.)  M g ( S O 4 )  ~ aq  - 1 2 1 2 . 2  - 1 3 5 6 . 0  - 7.1 22 

M g S O  4 s - 1 1 7 0 . 6  - 1 2 8 4 . 9  + 91.6 22 
M a g n e s i u m  sulfide M g S  s - 341.8 - 346.0 + 50.3 22 
M a g n e s i t e  M g C O  3 s - 1 0 1 2 . 1  - 1 0 9 5 . 8  + 65.7 22 
F a r i n g t o n i t e  Mg3(PO, , )  z s - 3538.7 - 3780.7 + 189.2 22 
M a g n e s i u m  hydrogen-  
p h o s p h a t e  (ion pair)  M g ( H P O 4 )  ~ aq  
M a g n e s i u m  d ihyd rogen -  
p h o s p h a t e  ion  M g ( H  2PO4) + aq  
S t ruv i te  M g N H 4 P O  4 .6  H 2 0  s - 3051.1 - 3681.9 20 
M a g n e s i u m -  

m o n t m o r i l l o n i t e  Mgo.167All.33Si3.67 O10(OH)2  s - 5 3 3 6  - 5 7 0 7 . 6  + 2 5 6 . 1  6 
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Table  A 1. C on t i nued  

Element :  S o d i u m  
C o m p o u n d  n a m e  F o r m u l a  State  G f~298 ) Hf~298 ) 5f~298) 1 Ref. 

[kJ .mo1-1]  [kJ .mo1-1]  [ J . K - l , m o l  - ] 

Sod ium N a  s 0 0 + 51.2 23 
Sod ium ion N a  § aq  - 261.9 - 240.3 + 58.4 22 
Sod ium c a r b o n a t e  ion N a ( C O 3 ) -  aq  - 792.8 - 935.9 - 49.8 22 
Sod ium hyd rogen -  
c a r b o n a t e  N a ( H C O 3 )  aq  --  849.7 --  943,9 + 113,8 22 
Sod ium sulfate Na(SO4)  ~ aq  - 1010.6 - 1144.7 + 108.8 22 
Sod ium ca rbona t e  N a z C O  3 s - 1044.4 - 1130.7 + 135.0 22 
(ion pair)  N a 2 ( C O )  ~ aq  - 105~.9 : 9 
Sod ium chlor ide  NaC1 s - 384.1 -- 411.1 + 72.1 22 
(ion pair)  Na(C1) ~ aq  - 393.0 - 642.6 + 115.5 15 

Element :  Po ta s s ium 
C O m p o u n d  n a m e  F o r m u l a  State  o o Hfi29s ) o Sf~298)i 1 Ref. Gfi29s) 1 

[ k J - m o l -  ] [ k J ' m o 1 - 1 ]  [ J . K -  - m o l -  ] 

Po t a s s ium K s 0 0 + 64,2 23 
Po ta s s ium ion K § aq  - 283.3 -- 252.2 + 101.0 22 
Po ta s s ium sulfate ion K ( S O 4 ) -  aq  - 1032.7 - 1157.4 + 151.0 22 
Po ta s s ium c a r b o n a t e  K 2 C O  3 s - 1063.5 - 1151.0 + 155,5 22 
Po t a s s ium chlor ide  KC1 s - 409.1 - 436.7 + 82.6 22 
(ion pair)  K(CI)  ~ aq  - 413.4 - 418.7 + 157.7 15 

Element :  A l u m i n u m  

C o m p o u n d  n a m e  F o r m u l a  State Gf~98) 1 I-If~98) Sf~98)1 1 Ref. 
[ k J - m o l -  ] [kJ .mo1-1]  [ J ' K -  . m o l -  ] 

A l u m i n u m  AI  s 0 0 + 28.3 23 
A l u m i n u m i o n  A13+ aq  - 485.0 - 531.0 - 3 2 1 . 7  22 
A l u m i n u m  hydrox ide  
ion A I ( O H )  2 + aq  - 700.6 - 767.0 - 156.9 12 

AI(OH)~- aq  - 907.4 12 
A I ( O H ) g  aq  - 1305.3 - 1502.5 + 102.9 22 

A l u m i n u m  oxide ion A I O ;  aq  - 839.7 24 
A l u m i n u m  
oxidihyroxide  ion  A 1 0 ( O H ) ~  aq  - 1077.0 24 
A l u m i n u m  oxide A1203 s - 1582.3 - 1675.7 + 50.9 22 
Gibbs i te  AI203  " 3 H 2 0  s - 2287.4 23 
A l u m i n u m  hydrox ide  
(Gibbsi te)  AI (OH)3  s - 1 1 5 5 . 1  - 1 2 9 3 . 3  + 68.4 22 

a m  - 1 1 4 2 . 2  - 1276.1 + 82.8 12 
Boehmi te  A I O ( O H )  s - 9 1 5 . 8  - 990.4 + 48.4 22 

= A1203 . H 2 0  
A l u m i n u m  sulfate A12(SO4) 3 s - 3099.9 - 3440.8 + 239.3 22 
A l u m i n u m  p h o s p h a t e  
(Berlinite) AI(PO4)  s - 1 6 1 7 . 9  - 1 7 3 3 . 8  + 90.8 22 
Variscite AI (PO4)-2  H 2 0  s - 2111.4 - 2353.3 + 134.5 12 
Kyan i t e  A12SiO s s - 2 4 4 3 . 9  - 2 5 9 4 . 3  + 83.8 22 
Kaol in i te  A12Si2Os(OH)4 s - 3799.7 - 4 1 1 9 . 6  + 205.0 22 

= A128i20 7. 2 H 2 0  

Element :  Silicon 

C o m p o u n d  n a m e  F o r m u l a  State Gfg298) 1 H fg298) Sf(29s) Ref.  
[kJ. mol  - ] [kJ.  t oo l -  1] [ J - K -  1. t oo l -  1] 

Silicon Si s 0 0 + 18.8 23 
Silicic acid H4SiO 4 = S i ( O H ) ,  aq  - 1316.6 - 1468.6 + 180 22 
Silicate HsS iO ,  ~ = SiO(OH)~- aq  - 1253.9 - 1426.2 + 112.5 12 
Q u a r t z  SiO 2 s - 856.6 - 910.9 + 41.5 22 

a m  - 850.7 - 903.5 + 4619 22 
M u s c o v i k  KA13Si3OIo(OH)2 s - 5608.4 - 5984.4 + 306.3 22 
K - M o n t m o r i l l o n i t e  Ko. 33AIz.33Si3.67Oao(OH)2 s - 5356.4 - 5730.3 + 265.4 6 
Illite Ko.6Mgo.25A12.3Si3.501 o(OH)2 s - 5 4 4 5 . 9  - 5 8 2 1 . 9  + 2 7 8 . 0  6 
N a - M o n t m o r i l l o n i t e  Nao.33A12,33Si3.6vO 1 o(OH)2 s - 5346,1 - 5718.8 + 262.8 6 

Renews 
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Compound Formula  State Gf~ Hf~ Sf~ (c) Ref. 
[k J/moll [k J/moll [J/K. moll 

Hydrocarbons & derivatives 

Methane CH 4 g - 50.8 -- 74.8 186.2 23 
aq - 34.4 - 89.0 83.7 23 

Ethane C2H 6 g - 32.9 -- 84.7 229.5 23 
aq - 17.1 -102 .1  118.4 23 

Propane C3H 8 g - 23.5 - 103.8 269.9 23 
n-Butane  C4HIo g -- 15.7 - 1 2 4 . 7  310.0 23 
n-Pentane CsH 1 ~ g - 8.20 - 146.4 348.4 23 
n-Hexane C6H14 1 + 0.21 - 167.2 386.8 23 
n-Heptane C7H16 1 + 8.75 --187.8 425.3 23 
n-Octane CsH18 1 + 17.3 - 2 0 8 . 4  463.7 23 
n-Nonane C9H2o 1 + 25.9 - 2 2 9 . 0  502.1 23 
n-Decane CloH22 1 + 34.4 - 2 4 9 . 7  540.5 23 
n-Undecane C~H24  1 + 43.0 -270 .3  578.9 23 
n-Dodecane C12H26 1 + 51.6 - -290.6 617.3 a 
Cyclopentane CsH~o g + 38.6 - 77.2 292.9 23 
Cyclohexane C6H12 g + 31.8 --123.1 298.2 23 

1 + 28.5 13 
Benzene C6H 6 g + 129.7 + 82.9 269.2 23 

l + 123.0 13 
Toluene C6HsCH 3 g + 122.3 + 49.99 319.7 23 
o-Xylene C6H4(CH3) z g + 122.1 + 18.99 352.8 23 

l + 114.2 13 

m-Xylene C6H4(CH3) 2 g + 118.8 + 17,2 357.7 23 
1 + 113.0 13 

p-Xylene CaH4(CH3) 2 g + 121.1 + 17.9 352.4 23 
1 + 97.1 13 

1,3,5-Trimethylbenzene C6H3(CH3) 3 g + 117.9 - 16.1 385.6 23 

O-containing aromatics 

Methoxybenzene C6HsOCH 3 g + 19.6 - 73.1 352.9 a 
Benzaldehyde C6HsCHO g + 16.0 - 37.2 355.1 a 
Benzylalcohol C6HsCHzOH g - 13.2 --100.4 371.2 a 
Benzoic acid C6HsCOOH g 133.5 - 211.7 373.5 a 

1 - 247.5 13 
unionized aq - 242.5 13 
ionized aq - 218.6 13 

o-Hydroxybenzo ic  acid C6H4OHCOOH g - 388.2 - 4 8 7 . 8  404.3 a 
m-Hydroxybenzoic acid g 
p-Hydroxybenzoic acid g 
Phenol C6HsOH g - 29.7 - 93.3 314.4 a 

s - 46.0 13 
Catechol C6H4(OH)2 g - 187.1 - 2 7 2 . 0  345.3 a 

s - 215.1 13 
Hydrochinone C6Ha(OH)2 s - 220.5 13 
Resorcinol C~H4(OH)z s - 222.6 13 

Carboxylic acids, aldehydes, ketones, ethers, esters 

Formaldehyde H C H O  g - 113.0 - 117.2 218.7 
aq - 130.5 - 1 5 0 . 2  

Formic acid H C O O H  1 -- 361.4 --424.7 129.0 
g - 349.8 --377.4 248.5 

unionized aq - 372.4 - 4 2 5 . 4  163.2 
ionized aq - 351.0 - 4 2 5 . 6  92.0 

Acetic acid CH3COOH 1 - 389.9 - 4 8 4 . 5  159.8 
g - 374.0 - 4 3 2 . 2  282.4 

unionized aq - 396.6 - 4 8 5 . 8  178.7 
ionized aq - 369.4 - 4 8 6 . 0  86.6 

Glycolic acid C H z O H C O O H  s - 664.0 
ionized aq - 652.3 

Glyoxylic acid CH(OH)2COOH s - 835.5 
Dichloroacetic acid CHCI2COOH 1 - 4 9 7 . 9  

unionized aq - 503.8 
ionized aq - 512.1 

Trichloroacetic acid CCI3COOH s - 505.0 
ionized aq - 516.3 

Propionic acid CH3CH2COOH g - 367.3 - 4 5 3 . 9  322.6 
unionized aq - 389.0 
ionized aq - 361.1 

23 
2 3 , 1 , 2  
23 
a 

23 
23 
23 
23 
23 
23 
23 
23 
23 
23 
23 
23 
23 
23 
a 

b 
2 
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C o m p o u n d  F o r m u l a  State Gf~ Hf~ 8f~ (c) Ref .  
[kJ /mol]  [kJ /mol]  [ J / K '  mol]  

n -Bu ty r i c  ac id  C H a ( C H 2 ) 2 C O O H  g -- 358.7 - -474 .5  361.0 a 
1 - -  382.8 13 

un ion ized  aq  - 380.1 b 
ion ized  aq  - 352.6 2 

i so -Butyr ic  ac id  ( C H a ) 2 C H C O O H  g - 4 8 1 . 4  366.5 a 
n-Valer ic  ac id  C H 3 ( C H 2 ) 3 C O O H  g - 350.2 - 4 9 5 . 1  399.4 a 

ion ized  a q  -- 344.3 19 
n - C a p r o i c  ac id  C H 3 ( C H 2 ) g C O O H  g - 341.8 - 515.8 437.8 a 

ion ized  aq  - 336.0 19 
n - H e p t a n o i c  ac id  C H 3 ( C H 2 ) s C O O H  g - 333.2 - 5 3 6 . 3  476.2 a 
n - O c t a n o i c  ac id  C H 3 ( C H 2 ) 6 C O O H  g - 324.6 - 5 5 7 . 0  514.2 a 
n - N o n a n i c  ac id  C H 3 ( C H 2 ) T C O O H  g - 316A - 5 7 7 . 7  553.1 a 
n -Pa lm i t i c  ac id  C H 3 ( C H 2 ) 1 4 C O O H  g --  256.9 - 722.1 821.9 a 

1 -- 328.7 13 
s - 334.7 13 

Oxa l ic  ac id  ( C O O H ) 2  s - 694.13 - 8 2 7 . 2  13, 23 
un ion ized  aq  - 674.0 - 8 2 5 . 1  45.6 23 
one  ion iza t ion  aq  - 698.4 - 818.4 149.4 23 
two ion iza t ions  aq  - 674.0 - 8 2 5 . 1  45.6 23 

Succinic  ac id  un ion ized  ( C H 2 ) 2 ( C O O H ) 2  aq  - 746.0 b 
doub ly  ion ized  aq  - 690.2 2 

F u m a r i c  acid  un ion ized  ( C H ) z ( C O O H ) 2  aq  - 646.8 b 
d o u b l y  ionized aq  - 604.2 2 

L -ma l i c  ac id  ionized C H O H C H 2 ( C O O  )z aq  - 845.12 2 
un ion ized  aq  - 893.6 13 

Oxa lace t i c  ac id  ionized C H 2 C O ( C O O - ) 2  aq  - 797.2 2 
~ -Ke tog lu t a r i c  ac id  ionized ( C H 2 ) 2 C O ( C O O - ) 2  aq  - 797.6 2 
Lac t i c  ac id  C H 3 C H O H C O O H  g - 514.2 - 6 2 0 . 8  358.2 a 

1 - 520.5 13 
un ion ized  aq  - 539.0 b 
ionized aq  - 517.1 2 

Py ruv i c  ac id  C H 3 C O C O O H  g - 458.4 - 5 3 0 . 0  345.3 a 
ion ized  aq  - 474.6 2 

Glyce r i c  ac id  ionized C H 2 O H C H O H C O O  aq  -- 658,1 19 
G l y c e r a l d e h y d e  C H 2 O H C H O H C H O  aq  -- 437.7 19 
Ace t a ldehyde  C H a C H O  g - 133.9 13 

1 - 133.4 13 
D i h y d r o x y a e e t o n e  ( C H 2 O H ) 2 C O  aq  - 455.2 19. 
A c e t o n e  C H a C O C H  a g - 152.6 - 2 1 5 . 7  299.0 a 
D ie thy le the r  ( C H 3 C H 2 ) 2 0  1 - 118.4 13 
E thy lace ta te  C H 3 C H 2 O C O C H  3 1 - 324.7 13 

Alcoho ls  

M e t h a n o l  C H 3 O H  1 - 166.4 - 2 3 8 . 7  126.8 23 
g - 162.2 - 2 0 0 . 7  239.7 a, 23 
aq  - 175.4. - 2 4 5 . 9  .133.1 23 

E thano l  C 2 H s O H  1 - 174.9 - 2 7 7 . 7  160.7 23 
g - 168.8 - 2 3 5 . 1  282.6 a, 23 
aq  - 181.8 - 2 8 8 . 3  148.5 23 

n - P r o p a n o l  C H a ( C H 2 ) z O H  g - 159.3 - 2 5 5 . 3  319.2 a 
1 - -  171.1 13 
aq  -- 175.8 2 

i s o -P r opano l  ( C H a ) 2 C H O H  g - 174.8 - 2 7 3 . 0  311.8 a 
1 - -  184.1 13 
aq  --  185.9 2 

n -Bu tano l  C H 3 ( C H 2 ) 3 O H  g - 150.8 - 2 7 5 . 9  357.6 a 
1 - 169.0 13 
aq  - 171.8 21 

tert .  Bu tano l  ( C H 3 ) 3 C O H  1 - 188.3 13 
n -Pen t ano l  C H 3 ( C H 2 ) 4 O H  g - 143.3 - 2 9 6 . 5  396.0 a 
n - H e x a n o l  C H 3 ( C H 2 ) 5 O H  g - 134.8 - 3 1 7 . 2  434.4 a 
n - H e p t a n o l  C H 3 ( C H 2 ) 6 O H  g - 126.4 - 3 3 7 . 8  472.8 a 
n - O c t a n o l  C H 3 ( C H 2 ) 7 O H  g - 117.9 - 3 5 8 . 4  511.2 a 
Glycero l  ( C H z O H ) z C H O H  1 - 477.1 2 

aq  - 488.5 2 
M a n n i t o l  ( C H 2 O H i 2 ( C H O H )  4 aq  - 942.6 2 
Sorb i to l  ( C H 2 O H ) 2 ( C H O H )  a aq  - 942.7 2 
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C o m p o u n d  F o r m u l a  Sta te  G f ~  H f ~  Sf~ (c) Ref .  
[kJ /mol ]  [kJ /mol ]  [ J / K , m o l ]  

C a r b o h y d r a t e s  

a - D - G l u c o s e  C H 2 O H ( C H O H ) 4 C H O  a q  - 917.2 2 
~ - D - G a l a c t o s e  C H 2 O H ( C H O H ) 4 C H O  aq  - 923,5 2 
D - F r u c t o s e  ( C H 2 O H ) 2 C O ( C H O H )  3 aq  - 915.4 2 
Sucrose  C 12 H 22 ~ 11 aq  - 1551.9 2 
G l y c o g e n  ( C 6 H l o O 5 )  un i t  aq  - 662.3 2 

N - c o n t a i n i n g  c o m p o u n d s  

M e t h y l a m i n e  C H 3 N H  2 1 + 35.6 - 47.3 150.2 23 
g + 32.1 -- 23.0 243.3 23 

un ion ized  aq  + 20.7 - 70.2 123.4 23 
ionized C H 3 N H  ~ aq  - 40.0 - 124.9 142.7 23 

D i m e t h y l a m i n e  ( C H 3 ) 2 N H  1 + 69.9 -- 43.9 182.3 23 
g + 68.4 -- 18.5 273~0 23 

un ion ized  aq  + 57.9 - 70.6 133.1 23 
ion ized  ( C H 3 ) 2 N H  ~- aq  + 3.35 21 

T r i m e t h y l a m i n e  ( C H ~ ) 3 N  1 + 100.8 -- 46.0 208.4 23 
g + 99.0 -- 24.3 287.0 23 

un ion ized  aq  + 93.0 - 76.0 133.5 23 
ionized ( C H ~ ) 3 N H  + aq  + 37.2 - 1 1 2 . 9  196.6 23 

E t h y l a m i n e  C 2 H s N H  2 1 - 74.1 23 
g - 47.2 23 

D i e t h y l a m i m e  ( C 2 H s ) 2 N H  1 - 103.3 23 
g - 71.4 23 

E t h y l ened i am ine  N H 2 C H 2 C H 2 N H  2 1 - 24.4 23 
A c e t a m i d e  C H 3 C O N H  2 s - 318.0 23 
N i t r o m e t h a n e  C H 3 N O  2 g - 74.9 28.5 ( for  300 K)  1 
N i t r o e t h a n e  C 2 H s N O  2 1 - 140.2 23 
Glyc ine  N H 2 C H 2 C O O H  s -- 368.6 - 5 2 8 . 1  103.5 23 

ion ized  aq  - 315.0 - 4 6 9 . 8  119.4 23 
un ion ized  aq  - 370.8 - 5 1 4 . 0  158.3 23 

O t h e r  a m i n o  acids  see ref. 23, 19 
U r e a  C O ( N H 2 )  2 s -- 196.8 23 

aq  -- 203.84 13 
A m m o n i u m a c e t a t e  C H 3 C O O N H  4 aq  - 448.3 23 
N-Dimethylaniline C6HsN(CH3) 2 g a 
Ani l ine  C 6 H s N H  z 1 -- 148.1 13 

- -332 .9  104.6 

- 6 1 8 . 5  200.0 
+ 92.2 380.6 

S -con ta in ing  c o m p o u n d s  

Methylsu l f ide  C H 3 S H  1 

g 
Dime thy l su l f ide  (CH3)2S g 
D ime thy ld i su l f i de  (CH3)2S 2 g 
E thane th io l  C z H 5 S H  1 

g 
Die thylsu l f ide  (C2H5)2S 1 

g 
T h i o u r e a  C S ( N H 2 )  2 s 
D ime thy l su l fox ide  ( C H 3 ) / S O  1 

g 
D i m e t h y l s u l f o n e  ( C H 3 ) z S O  2 S 

-- 7.74 
- 9.33 

- 5.36 
-- 4.39 
+ 11.8 
+ 18.2 

- 99.2 
- 81.5 
- 302.5 

46.4 169.2 23 
- 22.3 255.1 23 
- 36.2 286.4 a 
- 25.3 334.9 a 
- 73.3 207.0 23 
- 45.8 296.1 23 
- 119.0 269.3 23 
- 83.1 368.0 23 
- 88.3 23 

203.3 188.3 23 
- 150.5 306.3 23 
- 4 5 1 . 0  142.3 23 

H a l o g e n a t e d  h y d r o c a r b o n s  and  p recu r so r s  

M e t h a n e  C H  4 g 
C h l o r m e t h a n e  C H  3C1 g 

aq  
Methy lenech lo r ide  CH2C12 1 

g 
C h l o r o f o r m  C H C I  3 1 

g 
aq  

C a r b o n t e t r a c h l o r i d e  CC14 1 
g 

E thane  C2H 6 g 
aq  

E thy lch lor ide  C H 3 C H 2 C I  1 
g 

1 ,2 -Dich lo re thane  CH2C1CH2C1 l 

g 
H e x a c h l o r e t h a n e  C2C16 g 
E thene  (Ethylene)  C z H  4 g 

aq  

- -  50.8 -- 74.8 186.2 23 
- 57.4 -- 80.8 234.5 23 
- -  51.5 - 1 0 1 . 7  144.8 23 
-- 67.3 - 1 2 1 . 5  177.8 23 
- 65.9 -- 92.5 270.1 23 
-- 73.7 - 1 3 4 . 5  201.7 23 
-- 70.4 - 103.1 295.6 23 

- -143 .5  23 
-- 65.3 - 1 3 5 . 4  216.4 23 
-- 60.6 - 102.9 309.7 23 
-- 32.9 -- 84.7 229.5 23 
- -  17.1 - 1 0 2 . 1  118.4 23 
- -  59.4 - -136 .5  190.8 23 
- 60.5 - -112 .2  275.9 23 
-- 79.6 - 165.2 208.5 23 
- 73.9 - -129.8  308.3 23 

- -147 .7  396.6 a 
+ 68.1 + 52.3 219.5 23 
+ 81.3 + 36.4 122.2 23 
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C o m p o u n d  Fo rmu la  State Gf~ Hf~ Sf~ (c) Ref. 
[kJ/mol] [kJ/mol] [J /K.  tool] 

Vinylchlofide CH2CHC1 1 + 14.6 23 
g + 51.9 + 35.6 263.9 23 

1,2-Dichlorethylene cis CHC1CHC1 1 + 22.0 - 27.6 198.4 23 
t rans  1 + 27.3 - 23.1 195.9 23 

Trichlorethylene CHCICC12 1 + 12.1 - 42.3 228.4 23 
g + 18.0 - 7.78 324.7 23 

Tetrachlorethylene C2C1, , 1 + 4.60 - 52.3 266.9 23 
g + 22.6 - 12.1 341.0 23 

Chlorobenzene C6HsC1 1 + 116.3 13 

a Calculated for  the gaseous  state with the g r o u p  increment me thod  (values see table A.3); 
b Values for  undissociated acids are calculated f rom G f  ~ o f  dissociated acid and  p K  ~ (see text); 
c All values in this co lumn are positive ( + ) .  

Table A 3. Values for  the calculat ion of  enthalpy of  fo rmat ion  (Hf  ~ and  ent ropy of  fo rmat ion  (Sf ~ b y  the g r o u p  increment  method  (1) 

G r o u p  a tom Ligand  a toms  covalently b o u n d  to g roup  a tom or  funct ion Thermochemica l  values 
or  funct ion H O N P S C X Hf~ Sf~ 

[kJ/mol] [J /K.  moll 

C: % ~ C  ~ ../ (H)3 
(H) 2 
(H) 
(H)3 
(H)2 
(H) 
(S) 
(H)3 
(H) 2 
(H) 2 
(H)3 
(Hh 
(H) 2 
(U) 2 
(H)2 
(H) 
(H) 
(H) 

(H) 2 
(H) 
(H) 
(H) 3 

(H)2 
(H) 
(Hh 
(S)2 
(S)  3 
(H)2 
(H) 

(H)2 
(H)3 
(H) 2 
(H) a 
(H)2 
(H) 

(H) 
(H)2 
(H) 

(H) 
(H)2 

(H) 

(o) 
(0)2 
(o) 
(o) 
((3) 
(o)2 
(o) 
(o) 

(o) 

(N) 
(N) 
(N) 
(N) 
(n) 
(1%) 
(N1) 

(PO) 
(PO) 

(s) 
(s) 
(s) 
(s) 
(s) 
(so) 
(so) 
(SO2) 
(S02) 
(SO2) 

(C) 4 + 2.09 - 146.86 
(C) - 42.17 + 127.24 
(C)2 - 20.63 + 38.41 
(C)3 - 7.95 - 50.50 
(CO) - 42.171) +127.241)  
( c ) ( ca )  - 19.92 + 41.00 
(C)2(CO) - 7.11 • 50.21 
(C)2(C8) - 4.10 - 50.84 
(Ca) - 42.171) + 127.241) 
(C)(CO) - 21.76 + 40.17 
(C)(C a) - 20.33 + 39.08 
(Ca) - 42.171) +127.241)  

- 42.17 x) +127.241)  
- 67.36 + 26.00* 

(C) - 33.89 + 41.00 
(Ca) - 33.89 + 40.58 
(C)2 - 30.12 - 46.02 
(C) - 68.20 + 26.00* 
(C)(CO) - 30.12 2) - 46.02 2) 
(C)3 - 27.61 - 1 4 0 . 4 2  
(C) - 27.61 + 41.00 
(C) 2 - 21.76 - 48.95 
(C)(CO) - 21.763) - 48.953) 

- 42.141) +127.241)  
(C)3 - 13.39 - 1 4 2 . 6 7  
(C) - 27.614) + 41.004) 
(C) 2 - 21.76 3) - 48.953) 

- 42.141) +127.2411 
(C) - 14.23 + 40.175) 

- 42.171) +127.241)  
(C) - 20.636) + 38.416) 
(C)2 - 7.95 ~) - 50.50 ~) 
(C)3 + 2.09 8) -146 .868)  
(CB) - 33.899) -F 40.58 9) 

- 42.171) +127.241) 
(C) - 32.30 + 40.175) 

- 42.171) +127.241)  
(C) - 32.13 + 40.i75) 
(C) 2 - 10.96 - 50.21 TM 

(C) (C1)3 - 86.61 +210 .87  
(C) (C1)2 - 79.08 +182 .84  
(C) (CI) - 69.04 + 158.16 
(C) (CI) - 90.37 + 66.53 
(C) (F)3 - 6 6 2 . 7 5  + 177.82 
(C) (F)2 - 428.02 + 163.59 
(C) (F) - 215.48 + 148.11 
(C) (CI)(F)2 - 4 4 4 . 7 6  + 169.45 
(C) 2 (C1) - 61.92 + 73.64 

CO:  0 
II 

~ C  ~ 

(H) 
(H) 
(H) (o) 

(o) 

(C) - i21.75 + 146.02 
(CB) - 121.7511) + 146.0211) 

- 1 3 4 . 3 1  +146 .02  
(C) - 1 4 6 . 8 6  + 61.92 
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Group  a tom Ligand atoms covalently bound to group atom or function Thermochemical  values 
or function H O N P S C X Hf~ Sf~ 

[kJ/mol] [J /K'  tool] 

(O) (CB) -- 153.13 + 61.92 ~2) 
(O) (CO) - 122.59 + 61.9212) 

(H) (N) - 123.85 + 146.15 
(N) (C) - 137.24 + 67.78 
(N)2 -131.38 23) + 62.7613) 

(S) (C) -132 .05  + 64.18 
(C)2 -131 .38  + 62.76 
(C)(CB) -- 129.29 + 62.7613) 
(C)(CO) - 122.17 + 62.7613) 

(H)2 -- 108.78 +218.82 

II 
C~: ~ C - ~  

(double) 

(H2) 
(H) 
(H) 
(H) 
(H) (O) 

(O) 
(O) 
(O) 

(H) 

(H) 

(H) 

(H) 

(N) 
(N) 
(NI) 
(N)(NI) 

(NI) 

(Cd) 
(%) 
(c) 

(c) 
(Ca) 
(co) 
(C)2 

(C) 

(c) 

(c) 

(C)(C.) 

(c1) 
(Cl) 
(C1) 2 
(~) 
(Fh 

+ 26.19 +115.52 
+ 28.37 + 26.69 
+ 28.37 + 26.69 
+ 35.94 + 33.35 
+ 35.98 + 33.47 
+ 37.15 TM _ 61.0914) 
+ 37.15 TM _ 61.0914) 
+ 48.53 -- 61.09 TM 

+ 43.26 - 53.14 
+ 35.94 TM + 33.35 TM 

+ 43.2616) _ 53.1416) 
+ 28.3717) + 26.69 27) 
+ 37.15 TM _ 61.09 14) 
+ 37.15 TM _ 61.09~41 
- 5.02 + 148.11 
-- 8.79 + 62.76 
- 7.53 + 176.15 
-157 .32  + 137.24 
-324 .26  + 156.06 
+ 37.15 -- 61.09 

CB: Ar%C ~ 
/ 

(Benzene) 

(H) 
(o) 

(N) 
(PO) 

(s) 
(so) 
(so0 

(c) 
(Cd) 
(co) 
(cB) 

(cl) 
(F) 

+ 13.81 + 48.24 
3.77 - 42.68 

- 2.09 - 40.54 
+ 15.48 19) _ 32.1719) 

- 7.53 + 42.68 
+ 15.4819) _ 32.1719 ) 
+ 15.48 19) _ 32.17 19) 

+ 23.05 -- 32.17 
+ 23.77 -- 32,64 
+ 15.48 -- 32.17 TM 

+ 20.75 - 36.15 
- 15,90 + 79,08 
--179.08 + 67,36 

O : ~ o ~  

(H) 
(H) 
(H) 

(H) 

(H) 
(H) 

(PO) 
(po) 
(PO) z 

(so) 
(so2) 

(C)2 
(C)(CO) 
(co)2 
(C) 
(co) 
(CB) 
(C)(C~) 

(C) 

- 97.07 + 36.32 
-180 .33  + 35.15 
-194 .56  + 35,15 TM 

--158.57 + 121.63 
-- 243.09 + 102.51 
-158 .57  +121.75 
- -  96.23 + 36.32 TM 

-271 .96  + 102.51 z2) 
-170 .29  + 35.15 TM 

-228 .03  + 35.15 TM 

- 158.572s) + 121.7528) 
- 243.0929) + 102.51 29) 

N: \ 
N ~  

,/ 
(H)2 
(H) 

(H)2 
(H) 
(H) 
(H)2 
(H) 
(H) 
(H)2 

(c) 
(ch 
(c)3 
(cd) 
(cd) 
(c)(c~) 
(co) 
(c)(co) 
(co)(c0 
(c~) 

+ 20.08 + 124.31 
+ 64.43 + 37.40 
+ 102.09 - 56.32 
+ 20.08 TM +124.31 23) 
+ 20.08 TM + 124.31 23) 
+ 64.43 TM + 37.40 TM 

- -  62.34 +103.30 
-- 18.41 + 16.32 
+ 1.67 
+ 20.0823) + 124.31 23) 
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Table A 3. Continued 

Refiews 

Group atom Ligand atoms covalently bound to group atom or function Thermochemical values 
or function H O N P S C X Hf~ 8f~ 

[k J/moll [J/K-mol] 

(H) (C)(CB) + 62.34 + 37.40 TM 

(C)2(CB) + 109.62 - 56.32 25) 
(H) (CO)2 - 77.40 + 37.40 TM 

(H)2 (N) + 47.70 + 121.88 
(H) (N) (C) + 87.45 + 40.21 

(N) (C) 2 + 122.17 - 57.74 

NI: I C=N---.  
I 

(Imino) 

(H) + 68.20 + 37.40 TM 

(C) + 89.12 - 56.32 25) 

(C~) + 69,87 - 5@3225) 

PO: O 
II 

~ p ~  

i 

(O) 3 - 437.65 ( +  209) 
(O)2 (C) -416.31 

(CB) 3 -- 221.33 

(H) (C) + 19.33 + 136.94 
(H) (CO) - 5.90 +130.54 
(H) (CB) + 50.04 + 52.97 

(C)2 + 48.16 + 55.02 
(S) (C) + 29.50 + 51.76 
(S) 2 + 12.59 + 56.07 

SO: O (C)2 - 60.29 + 75.73 
[[ (CB) 2 - 50.21 + 75.73 26) 

~ S  ~ 

SO2: O (C)2 -291.79 + 87.45 
II (C)(CB) -302.46 + 87.45 27) 

~ S ~  II (C8) 2 -286.94 + 87.4527) 
O (O) (CB) --291.79 27) + 87.45 271 

The valencies of the group atom or function which need to be combined with ligand atoms are marked ---~. The following assumptions are made for 
combinations for which no thermochemical values are available ( =  assigned values): 

1) =- C(H)3(C ) -= C(H)3CO 11) ~- CO(H)(C) 21) ~- O(C)(CO) 
2) ---- C(H)(O)(C) 2 12) ~ CO(O)(C) 22) =- O(H)(CO) 
3) -= C(H)(N)(C)2 12) - CO(C)2 23) ~- N(H)2(C ) 
4) -= C(H)a(N)(C ) 14) =-- Ca(C)(Ca) 24) ~ N(H)2(C ) 
5) =- C(H)2(C)(CO ) 15) -= Ca(H)(C ) 25) - N(C)a 
6) =- C(H)2(C)2 16) -= C6(C)2 26) --- S(C)2 
7) ~- C(H)(C)3 17) =- Ca(H)(Ca) 27) ~ 5 0 2 ( C ) 2  

8) -= C(C)4 18) -= CB(C ) 28) w_ O(H)(C) 
9) -= C(H)2(O)(Ca) 19) w_ C~(CO) 29) --- O(H)(CO) 

I0) -= C(H)(C)2(CO ) 20) =- O(C) 2 * = author's estimate 

The benzene ring consists of 6. [CB(H)] for Hf  ~ = (6-13.81 ) and for Sf ~ = (6.48.24). Ring corrections are included in these values, symmetry corrections 
(In a) for Sf ~ are not. 

Table A4. Summary of equations describing ecological state parame- 
ters(l) 

Free energy equation: 

AG~ = A H , -  T .  AS~ 

Equilibrium equation: 

AG r = 0 ;  AG ~  ~ 

o r  

[ -  a o,~ 
K ~ = exp [ ~ - j  

Disequilibrium equation: 

AGr = r iG~ + R - T . l n Q  

o r  

AGr = R . T . I n  Q 

A G o = 32 vj Gf  ~ - ~i vi Gfs~ (2) 
j J . 

A G~ < 0 (3) 

~ o < 1  

o r  

o Ko ~ 
o r  

o =  Ko exp[ ] 
Influence of  temperature changes on equilibrium equation: 

AGO T ,  _ o <o,  Zof - Lo,  

Influence of  temperature changes on equilibrium constant: 

PK~ = PK~ + 2 . 3 ~  - P, T,~ T,~, 



Renews 

Table A4. Continued 

Influence of pH-changes on equilibrium equation: 

AG O' = AG O - 2.3026. R .  T .  q-  pH,r t 

Influence of  pH-changes on disequilibrium equation: 

AG~ = AG O + 2.3026- R .  T -  (log Q'.r - q .  privet) 
o r  

AG, = 2.3026 �9 R �9 T ,  (pK ~ + logQ'  r - q - pH,r 
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Influence of changes in solute concentrations or/and pH on dis- 
equilibrium electron activity: 

(4) pe = -'n log K ~ - . pH - n '  log Q;~a/o~ (7), (4), (9) 

Influence of changes in solute concentrations on solubility products:  
(follows from equilibrium equation): 

pK~ = pK ~ - log (I-[ qJ) 
J 

o r  

pK~ o, v," A ' Z ~ "  x f i  
= p K  s +52  �9 

3 1 + a / - B - , ~  

Influence of changes in solute concentrations on precipitation-dissolution 
reactions: (follows from disequilibrium equation): 

lAP lAP 
A G~ = R" T" In ~ s  dissolution if A G~ < 0 or ~ s s  < 1. 

IAP 1. 
precipitation if AG~ > 0 or K~ss > 

IAP 
saturation equilibrium if AG~ = 0 or , - 7 ,  = 1. 

r-- s 

Influence of changes in pH, I and T on the species composition of the 
carbonate-bicarbonate-carbonic acid equilibrium: 

[CO~-] = [CT]' 10_2~ . + K'~ - 10 p'' + K'. ' K'.~ 

K'.~ �9 10 -pH 
[HCO~] = [CT] " 10_2~r~ + K'a, '  10_Pn + K ' , "  K'.~ 

I0 2pn 

[ H 2 C O 3 ]  = [C t ]  10 -2"n + K ' , '  10-""  + K'~" K'~" 

Influence of changes in solute concentrations on disequilibrium redox 
potentials: 

E = - - A G ,  
n ' F  

o r  

E -AG~~ R . T  lnQ (6) 
n - F  n . F  

o r  

E = E O _  R ' T  
n . F  . l n Q  

o r  

R" T K ~ 
l n - -  E TTf' Q 

(1) See list of  abbreviations for meaning of terms. 
(5) 

(5) (2) K ~ ~ Keq i 
[ I  {s,o~} ~' 

i 

Influence of changes in pH on standard redox potentials: 

E0 , = E o  2 . 3 0 2 6 - R ' T  q pH 
F n 

(4) 

Influence of changes in pH and/or solute concentrations on dis- 
equilibrium redox potential: 

A G u 2.3026- R .  T (log Q'~oa/,~ - q" PH,ot) (8) (7), (4) 
E n . F  n . F  

or 
2.3026. R .  T 

E = E ~ -- ' (log Q'red/o~ - -  q " Privet) 
n - F  

or 
- 2.3026 �9 R �9 T 

E (pK ~ + logQ'~a/ox - q-  pl ian t )  
F n .  

1-I {vj~ 
(3) Q J 

VI {si.o.F' 
i 

(4) q is -- for H+-consuming and + for H+-producing reactions respec- 
tively. 

I-[ {P]neq} v j" { H + }  q Q 

(5) F rom Q = J = Q~,~q. {H +}q follows: Q'.~q - {H+} q 
[ I  { S'i neq } vi 

i 

[ I  {Pj~a} ~j 
(6) Q 

f I  {S,oJ ~' 
i 

1~ {P~.o} ~j 
(7) From Q - i 

{SI, ox} Vi" { H + }  q '  { e - } "  

follows: Q'~a/o~ = Q '  {H+} q {e-I". 

- Q;ed/o~" {H+} - q '  {e -} - "  

(8) electrons which are given o f fby  oxidation half-reactions are assigned 
a negative sign, electrons which are consumed by reduction half-reac- 
tions have a positive sign. 

(9) n is always + in the pe-formalism. 

pKa~ = 5 . 6 1 ;  f u m a r i c  a c i d  p K ~  = 3 . 0 3 ,  p K ,  ~ = 4 . 4 4 ;  

l a c t i c  a c i d  3 . 8 3  2 3 . 4 . 1 8 4  [ k J / k c a l ]  w a s  u s e d  f o r  t h e  c o n -  

v e r s i o n  o f  [ k c a l / m o l ]  i n t o  [k J / m o l l .  

Enthalpy of formation and free energy offormation of the 
electron a r e  0 b y  c o n v e n t i o n .  A n u m e r i c a l  v a l u e  f o r  i t s  

e n t r o p y  o f  f o r m a t i o n  ( S f ~  f o l l o w s  f r o m  Sf~ o r  

Sf~ ( t a b l e  A . 1 ) .  A G o a n d  A H ~ o f  t h e  h a l f - r e a c t i o n  

+ 
2 e ~ )  + 2 H ( a q ) ~ + H z ( g  ) 

a r e  0 a n d  A S o c a l c u l a t e d  f r o m  

1 .  ( z  G o - A H o) o = - u  

t h u s  a l s o  b e c o m e s  0. S f ~  e m e r g e s  f r o m  

ASO= o - S f ~ - 2  (,q/ Sf~2(g ) 2 S f ~  = 0 

a s  
1 Sf~? ,  = ~ .  Sf%(g)  = 6 5 . 2 5  [ J / K  ' m o l l  

E n t r o p y  o f  f o r m a t i o n  o f  t h e  " a q u e o u s  s t a t e  o f  t h e  e l e c -  

t r o n  ( e~q ) ) "  f o l l o w s  f r o m  

2 e ~ q )  + 2 H~+,q) ~ H2~,q  ) . 
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Since all three thermochemical  values are 0 for the pro-  
ton, Sf~ can be calculated from Gf~ (~q), Hf~ and 

Sf~ according to 

1T o 0 = - - Hf~2(,q) T" Sf~ 2'  (Gf~,(,q) + SfH0,(aq)) 

I0 ~ 
" (17.55 + 4.16 + 0.29815 " 57.7) 

= 596.3 

= 65.25 (78) [ J /K .  moll .  

No  dist inction needs to be made between e7. and e~ �9 in tg) t q) 
thermodynamic  considerat ions since G f  ~ - G f  ~ = O, e(g) (aq) 

Hf~ ~ H f ~ ,  = 0 and S f~  Sf~ = 65.25 [J /K.  mol]. 

The internal consistency o f  the values for  G f  ~ H f  ~ and 
S f  ~ listed in table A. I  can be examined by  compar ing 
changes in the s tandard  Gibbs  free energy of  reaction 
calculated in different ways. Consistency requires a rela- 
t ionship between substances A and B which can be e x -  
pressed in a stoichiometric equat ion:  

a . A = b . B + c . C .  

It  will have to satisfy the thermodynamic  relat ion 

(AGf~ = (AHf~ - T "  (ASf~ 

which corresponds to 

b - G f  ~ + c - G f  ~  a .  G f  ~ 

= (b .  H f  ~ + c .  Hfc ~  a ' H f  ~ 

- T .  (b .  Sf ~ + c .  S f g -  a .  Sf~ 
o r  

j a . 

= ( Z  vj " f ~  - ~i vi Hfs~ - T" (3Z vj Sf~ = Y~ v iSf  ~) 
j " j J 

Consistency is i l lustrated for 4 cases of  the carbon diox- 

ide - b icarbonate  - carbonate  - equilibria,  involving gas 

dissolution, acid formation,  dissociation and precipita-  

t ion: 

1 Dissolut ion of  gaseous CO2 in water:  

C O 2 ( g  ) ~ C O 2 ( a q  ) 

2 Fo rma t ion  of  carboxylic  acid: 

C O 2 ( a q  ) q- H 2 0 ( 0  .r  H 2 C O 3 ( a q  ) 

3 Dissociat ion ofcarboxyl ic  acid to hydrogencarbonate :  

H 2 C O 3 ( a q  ) r  H C O 3 ( a q  ) + H(+q)  ' 

4 Precipi tat ion of  calc iumcarbonate  as calcite: 
2 - Ca~, +) - ~  CaCO 3<,) C O 3  (aq) -'[- 

Employing  the corresponding values from table A.1 one 
calculates for the 4 examples:  

1 Gf~o  . . . . .  - Gfc~ = (Hf~o . . . . .  - Hf~  - T .  (Sf~ . . . . .  - Sf~ 

( -  386.0  + 394.4)  = - 413 .8  + 393.5)  - 2 9 8 . 1 5 -  ( 0 . I 1 7 6  - 0 .2137)  
+ 8 . 4  ~ + 8 .352 [kJ /mol l  

Refiews 

2 Gf~ ..... - Gf~ ..... - Gf~ 
= ( H f ~  co . . . . .  - H f O  . . . . .  - H f ~  

- T .  (Sf~ co . . . . .  - Sfc~ . . . . .  - Sf~ 

- 632.2  + 386 + 237.2  = (699.6  + 413.8  + 285.8)  

- 298 .15  - (0 .1874 - 0 .1176  - 0 .0699)  

0 ~ + 0 .0298  [kJ /mol ]  

3 Gf~ + G f ~  - Gf~  . . . . .  

= ( H f ~  . . . .  + Hf%(~q) - Hf~ - T " (Sf~  . . . .  

+ Sf~ - Sf~ 

- -  586.9  + 0 + 623 .2  = ( - -  692.0  + 0 + 699.6)  

--  298.15  ' (0 .0912 + 0 - -  0 .1874)  

+ 36.3 ~ + 36.28 [kJ /mol ]  

4 Gfc~176  ) -  Gf~ ) 

= (Hfc~,co,,., - -  Hfc~ ,,> - Hf~ ) - -  T "  (Sfc~ .... 

- s~.,+,.,, - srgo,,-,.o) 
- 1128.8  + 553.6  + 527.9 = ( - 1 2 0 6 . 9  + 543.1 + 677.1)  
- 2 9 8 . 1 5 .  (0 .0929 + 0 .0531 + 0 .0569)  
- 47.3 ~ - 47 .19  [kJ /mol ]  

The agreement  for all 4 examples is better  than 99 % for 
a G  o 

The equation for acetoclastic methanogenesis  serves to 
illustrate the consistency of  the values of  table A.2: 

C H 3 C O O H ( a q )  = C H , , ( a q  ) + C O z ( a q )  

AGf ~ = - 34.4 - 386.0 + 396.6 = - 23.8 [kJ/mol] 

AHf  ~ - T �9 ASf ~ 

= ( - 89.0 - 413.8 + 485.8) 

- 298.15. (83.7 + 117.6 - 178.7) �9 10. -3  

= - 23.74 [kJ/mol] 

There is good agreement between the values also if the 
above react ion is formulated for other  physical states: 

C H 3 C O O H ( g  ) ~ C H 4 ( g  ) + C O 2 ( g )  

AGf  ~ = - 71.2 [kJ/mol]; 

AHf  ~ --  T" ASf ~ = - 71.13 [kJ/mol] 

C H 3 C O O ( a q )  + H 2 0 ( 0 r  C H 4 ( a q / +  H C O 3 ( a q )  

A G f  ~ = - 14.7 [kJ/mol]; 

A H f  ~ - T" A Sf ~ = - 14.69 [kJ/mol] 

C H 3 C O O H 0 )  + H 2 0 0 ) r  CH4tg) + H C O 3 ( a q )  + H(+q)  

a G f  ~ = - 10.6 [kJ/mol]; 

A H f  ~ - T .  A Sf ~ = - 10.72 [kJ/mol] 

Al though there is good  agreement between values from 
the same source, table A.2 is generally less consistent 
than table A.1. Before par t icular  combinat ions  of  values 
from different sources are made,  the consistency of  the 
da ta  should be ascertained if possible. References listed 
in the tables identify the source. 
Values labeled with ' a '  in the reference column are calcu- 
lated for gaseous states with the group increment meth- 
od, employing values from table A.3. Corresponding 
Gf~ were est imated with equation 47 (section 3). 
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Synthesis and metabolism of vertebrate-type steroids by tissues of insects: A critical evaluation 
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Zoological Institute, Catholic University of Leuven, Naamsestraat 59, B-3000 Leuven (Belgium), and aExperimental 
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Summary. This review covers the synthesis and the metabolism of vertebrate-type steroids (progesterone, testos- 
terone, estradiol, corticosteroids) by insect tissues and discusses the significance of the reactions for insect physiology. 
Biosynthesis of vertebrate-type steroids from cholesterol hitherto has been demonstrated in only two insect species, 
i.e. the water beetle Acilius sulcatus (Coleoptera) and the tobacco hornworm Manduea sexta (Lepidoptera). In Acilius, 
steroid synthesis is associated with exosecretion (chemical defense). Nothing, however, is known about a physiolog- 
ical role of the C21 steroid conjugate present in ovaries and eggs of Manduca. 
No synthesis of vertebrate-type steroids was observed in any other insect investigated to date. Most metabolic 
conversions of steroids by insects concerned oxidoreduction of oxygen groups (hydroxysteroid dehydrogenase 
activity) and (polar and apolar) conjugate formation. All important enzymatic steps involved in synthesis and 
catabolism, as known from studies with tissues of vertebrates, were not, or hardly observed. 
The conclusion is drawn that typical vertebrate-type (C2~, C~9 and C~8) steroids probably do not act as physiolog- 
ically active substances in insects. 
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Introduction 

In recent years, it has become clear that the endocrine 
system of insects is much more complicated than previ- 

ously assumed and, in addition, that it shares many com- 
mon features with that of vertebrates 16'18'1~ Thus, 
several families of peptides have members in both verte- 


