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Microbial energetics applied to waste repositories
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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 (4G,) 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 (4G,), 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 . . . .
roau 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

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.

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 (a,,), 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
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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 (4G, < 0) is employed to drive assimilation reac-
tions (4G, > 0), i.e., the free energy released by the dis-
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similatory reaction system is partially used to increase the
enthalpy and reduce the entropy of the organismic sys-
tem (e.g., for the formation of new biomass). The mech-
anism and the efficiency by which microorganisms trans-
fer energy into enthalpy increase and entropy decrease
under natural conditions is the fundamental content of
ecological bioenergetics.
The extent of the non-equilibrium state determines the
bioenergetic capacity of an ecosystem. Non-equilibrium
is maintained by a steady supply of oxidizable substrates
and the removal of reaction products; it is quantitatively
described by their concentrations. The larger the differ-
ences of free energy of reaction are between actual envi-
ronmental state and equilibrium (4G, <€ 0) the more
readily microbially mediated reactions might proceed.
While a positive value of AG;, is a clear indication that
the particular reaction is not feasible, a large negative
4G, is not a sufficient indication that a reaction 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 application in mi-
crobial ecology.

1.1 The redox-concept in microbiology

The oxidation of organic molecules with inorganic oxi-
dants can be conceptually combined. By assigning formal
oxidation states to the redox-labile elements in organic
compounds one can stoichiometrically balance chemical
equations for microbially mediated reactions involving
organic and inorganic substrates and products. Assign-
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ing oxidation states to single atoms in organic molecules
is artificial because it formally assigns shared electrons in
bonding orbitals between atoms of different electronega-
tivity fully to the more electronegative atom of a covalent
bond. But by doing this we can count the number of
electrons belonging to each atom, as one frequently does
for inorganic ions, and thus balance microbially mediat-
ed electron transfer.

Some of the most common elements in biological systems
(H, C, N, O, S, Mn and Fe) exhibit multiple oxidation
states. Phosphorus which is also essential for all living
organisms is a redox-conservative element. In biological
compounds it is present in the oxidation state V + , in
inorganic ions as well as covalently bound in organic
compounds.

The oxidation state is determined by the number of ex-
changeable electrons present in the outer orbitals. The
elemental configuration is assigned the oxidation state
zero. Addition of electrons to the orbitals makes the
oxidation state more negative, removal of electrons
makes it more positive.

Mean oxidation states and the corresponding electron
donating capacities are related as depicted in figure 1.1
for carbon, nitrogen and sulfur in several organic com-
pounds. The carbon atom tetravalently bound to other
carbons (R,C) is assigned the oxidation state 0 (fig.
1.1a). 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 (figs1.1b and
1.1¢). So, for any atom the oxidation 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. @) Oxidation of the carbon atom in a com-
pound occurs if hydrogen or phosphorus are removed or if oxygen,
nitrogen, or halogens are added as bonding atoms. Hydrolysis of a car-
bon-carbon bond reduces one carbon by adding hydrogen but it oxidizes
the other through the addition of a hydroxyl oxygen. b) Oxidation of the

O+ +li +llf HV +V +VI
oxidation state of S

e/N
s} Hy. RNH, RNHR'
g RN’H3,R2NH2,R3N H
L
Sl
=z
g 6
Q.
25f
£
R
[}
o 3+
]
R @ ol RONO,RNO3
ROSOOR 2 2 2
RSO,0H % 1k
ROSO,0R’ b
ROSO,0H 5 HNO
L1 L= HyS0, 0 T R S U S S N 3
S -l O L I+ Y

oxidation state of N

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.
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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 at 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 H,-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. 1
assign a negative surplus charge h to the organic matter
unit molecule

(C{HONPSM;* )"

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
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aerobic degradation redox states of N, S and C will
change to V+, VI+ and IV + respectively. Under anox-
ic conditions CO,, NH;, HS™, H,, CH, 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= —1(b—2c—3d+5¢—f+gR+h).

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

{CYH,O.N,P.S}~ M:+>"‘ + zH,O
!
aCO, + yH* + xHY + dNH + eHPO2~ + fHS™
+ gMR+

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

x=1(4a+b—2c—3d+ 5¢—2f+ gR + h)
y=—d+2e+f-gR—-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

£ CYH,0,NY"SY* +* + zH,0
!
19CO, + yH* + xH, + INH} + 1HS"

with h=—(—=1) (=y)

+20-8-3+5-1
-19

and U = = —0.6842.

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=184-U)+8+1

which yields x = 41 moles (equivalent to 0.919 Nm?) of
hydrogen gas per mol (= 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
(p® =1.01325-10° Pa = 1 atm or 1 bar = 10° 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 4H?, 4S°, AG? and AG, will be dis-
cussed for a few examples and the influence of microbial
activity on certain state parameters (Q, IAP, K, 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 (4H, < 0); it is endothermic if enthalpy needs to
be supplied (4H, > 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
(4S, = 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 A4S, and AH, 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,=AH® —T-4S°+R-T-InQ.

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 (4G?)
is minimal, entropy is maximal and 4G, is zero once the
system has attained equilibrium. In the free energy equa-
tion above AG? = AH? — T - 4S° is formulated for
standard conditions. Superscript and subscript indicate:
9 = 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 4G? from AGf°® which
applies to the formation reaction from the elements in
their stable state and to the combustion reaction with
oxygen.

A positive value for AG? (endergonic) indicates that the
reaction is improbable under standard state conditions in
the stoichiometric direction for which 4G? has been cal-
culated. The reverse reaction (4GP < 0; exergonic)
would then be the favored one. Reactions are exergonic
or endergonic depending on the magnitude and the sign
of A4H? and AS?. 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-
mation of carbonate minerals (reactions 11, 22-25 and
28) and of pyrrhotite (reaction 20) from aquo-complexes,
and certain complex-forming reactions for Ca?* (reac-

Table 1.2. Probabilities of reactions to occur. The influence of the sign of AH® and 4S? on 4G°.

Case if A4H° and A4S° then AG? Conditions Overall reaction Examples
3) “4) 1), (5) according to 4G  (2)
A exothermic - + - always exergonic 6,7,8,10,11, 12, 20 etc.
B exothermic - — — | T- 489 <|4H?| exergonic 2,3,9,13,17-19 etc.
C exothermic - — + |T-4SP| > |4H?| endergonic 1, 5, 32-35
D endothermic + + + |T- A4S <|4H?| endergonic 14-16, 37
E endothermic + + - | T-48°% > |4H| exergonic 22-25,29
F endothermic + - + always endergonic 4, 30, 31, 38
(1) AG® = AH® — T- 4S?
(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)

Nr.  Stoichiometric reaction equation 4H? 4s° T-45° 4G°
[kJ/mol] [3/K - mol} [kJ/mol] [kJ/mol]
1 C,Hgg + 8FeO(OH), + 44 H;, — 3LCH,CO0;,, +8Fe(OH)}, + H,0,, — 16939 — 717.9  —21404  + 51.65
2 C,Hg, + 36 FeO(OH),,, + 36 H, , — 7COZM, + 36 Fe(OH),, + 22 H,0,, — 799.39 —1429.1 —426.09 - 3733
3 CyHgy + 90,0, — 7C0, 4 + 4H,0,, —3984.49 - 2150  — 6410  —3920.39
4 CHgy +2C0,,, + 5H,0,  — 4LCH;COO,,, + 4L HY, + 1961  — 5147  —15346  + 1731
S CiHyg +1SO0%gy+3H,0,  — HCH,COOLy + 1HSey + 21 1HE, — 159 — 1823 - 5435  + 5276
6 CH,CO0, +180%,, + 2Hy, — 2C0,,, + 1HS, + 2H N - 212 4+ 324+ 9911 — 12030
7 CyHy + 43803 ¢, + HHE, — 71C0, ) + 4 HS,, + 4H,0,, — 7579 + 981.1 + 292.51 — 368.3
8 2HSG,, + 2FeO(OH),,, + 3H;,, — FeS, + Fe(OH){,, + S{, + 3H,0, — 129.0 + 132 + 394 — 132.94
9 (Reaction 5) + 3 L. (Reaction 8) - 66.09 — 175.7 — 52.38 - 13.70
10 (Reaction 7) + 21 - (Reaction 8) — 366.04 +1010.8 +301.37 — 667.41
11 Fe(OH), + 1HCOS,, — FeCO,, + H,0, - 97 4+ 1006  + 2999 - 397
12 (Reaction 7) + 2% - (Reaction 8) + 2% - (Reaction 11) — 387.86 +1237.15 +368.86 — 756.72
13 (Reaction 5) + 1 (Reaction 8) + 1 (Reaction 11) — 7094 — 1254 — 37.39 — 3355
14 C,Hgy + TH,0, — 31CH,CO0,,, + 8eg, + 111 H, + 24961+ 157 4+ 468  + 244.93
15 C;Hgq + 14H,0, 2 7C0, 4y + I6eg + I6HL, +1054.61  +18721 45582 + 496.4
16 CH,;COO0g,, + 2H,0,, — 2C02(aq,+8e(g, + 7Hz, + 230.0 + 530.4 +158.14 + 71.86
17 FeO(OH),, + teg + 2HE, — Fe(OH){, + H,0,, - 757 — 1674  — 499 — 258
18 SO, + 8eg, + 9HE, — HSg, +4H,0, - 2512~ 1980  — 59.03  — 1922
19 0, +4eg +4H;, — 2H,0,, — 571.6 — 326.0 - 97.20 — 4744
20 HSg, + Fe(OH)%, —s FeS,,, + H,0, — 439  + 964  + 2874  — 7264
21 HCO3 — COZ, + Hiy + 149 — 1481  — 4415 4+ 5905
22 Caf,;, + CO%., — CaCO0,,, (Calcite) + 13,0 + 202.9 + 60.49 — 4749
23 Mg+ co,(,q, — MgCO,,,, (Magnesite) + 481 + 260.7 + 7773 — 2963
24 Fell + comq, — FeCO, ,, (Siderite) + 256 + 286.8 + 85.51 — 5991
25 Mnil + CO3., — MnCO;, ,, (Rhodochrosite) + 37 + 216.3 + 64.49 — 60.79
26 Ca(HCO,){, — CaCO,, + HY, + 162
27 Cal}) + HCOj — Ca(HCO,);, — 45
28 Ca(OH)g,, + HCO3,,, — CaCO0,;, + H,0, - 364 + 86.2 + 257 - 621
2 Cajg+OHg, — Ca(OH),, + 85 4+ 492+ 1467 -~ 617
30 Cail + H,0, — Ca(OH)¢,, + Hey + 643 — 314 — 936  + 7366
31 H,0,, — H(.q) + OHg,, + 558 — 80.6 — 24.03 + 79.83
32 CaS0,, (Anhydrite) — Ca(aq) + SOM,q, — 183 — 141.0 — 42.04 + 2374
33 CaS0, -2 H,0, (Gypsum) — Cal; + 8O3, +2H O(,) - 14 — 88.6 — 26.42 + 25.02
34 CaMg(CO,),, (Dolomite) — Cagg + Mei, +2C0%, - 315 — 4602  —13721  + 99.71
35 CaCO,,, (Aragonite) — Caly + Cpa(j,q) - 128 — 198.7 — 59.24 + 4644
36 4CO, 4 + 17eg, + 1THE,, — (CH;05>¢, + SH,0, — 293.56 — 893.65 —266.44 27.12
37 2%-CH,COOq,, + 2LH{, — {C,H,05)4, + :CO0, 4, + 2H,0, + 195.19 + 233.45 + 69.60 + 125.59
= (Reaction 36) + 21 -(Reaction 16)
38 12CyHg g +22CO, ) + 134 H, 0 — (C,H,0,), + 204.45 - 96 - 286 + 207.31
= (Reactnon 36) +4il (Reactlon 15)
39 (Reaction 38) + 0.56273-(Reaction 7 + 161.8 + 542.5 +161.8 0
40 0.56273 - (Reaction 7) - 426 + 5521 +164.7 — 207.31

Standard conditions: T = 298.15K, p = 1atm, concentration = 1 —molal, pH =0, =0

tion 29). The carbonate precipitation reactions lose en-
thalpy (4H, > 0) and are associated with an increase in
the systems entropy (4S, > 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 Ca2*, Mg?*,
Mn?*, Fe?* and CO3~ 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 22—

25, table 1.3) are thus associated with an entropy in-
crease (4SP > 0). Larger values of 4S? subtracted from
AH? lead to more negative values for 4G?. The precipi-
tation reactions are exergonic and remain so as long as
|T - 4S,| > |4H,| (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 4G?. 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 (reaction9).

Coupling two or more exergonic reactions makes 4G? 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. 4G? 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 (pe) 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 AG,. The free energy of re-
action (4G,) 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):

AG, = (4Gf°),, — (4Gf°),,

with 4Gf° being defined as:

AGF® = ¥ v,Gfg, — ¥ v, Gf?
; i

The differences of the free energy of formation (4 Gf°)
are proportional to the activity ratios of the reactants:

H{Pjneq}vj
(4Gf%,,=R-T-In-— =R -T-InQ
’ lTI{Sim:q}Vi
l_vI{chq}VJ
(4Gf%,, =R-T-ln2——— =R - T-InKeq
¢ l—I{Sieq}vi

1

(v;,; are stoichiometric coefficients, P and S designate
products and substrates respectively and Keq = K°).
AG, thus becomes:

AG,=R-T-InQ—R-T-InK° (1)
AG,=R-T-1n% )

The reaction is exergonic as long as 4G, < 0, which is
fulfilled for Q/K° < 1. Equilibrium is characterized by
4G, =0 or Q =K° For Q/K° > 1, the reaction be-
comes endergonic (4G, > 0). Equation (1) is stated more
frequently in the form

4G, =AG° + R-T-1nQ 3)

This implies that a reaction system which is not in the
equilibrium state will release energy until equilibrium is
attained (4G, =0, 4G? = — R - T-InK°). 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:

CH,CH,CO0,, + 3H,0,,
— CH;3C00q,, + HCOj,q, + 3H, 4, + HEy

The reaction is endergonic under standard conditions
(A4G? = +169.2 [kJ/mol], K°=22791-10"3%). For
the boundary conditions: pH = 7.5, [HCO;™ o]
=2-10"?[mol/l] remaining constant, initial acetate
concentration = 10~ [mol/l] and initial propionate con-
centration = 1073 [mol/l] (neglecting activity correc-
tions) applied in conjunction with equation (2) the reac-
tion becomes exergonic if [H, ] < 1.533 - 1076 [mol/]]
which corresponds to py, = 1.857-103[atm]. Since
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other microorganisms scavenge H, thus maintaining its
concentration below the thermodynamic threshold value
of 1.533 - 10~ ° [mol/]] propionate degradation is more
favored. If [H, )] is kept at 10™7 [mol/l] by sulfate re-
ducing bacteria living in close association with the
propionate oxidizers, 4G, becomes — 20.302 [kJ/mol].
At 107° and 1072 [mol/l] H,, 4G, is — 54.550 and
—105.922 [kJ/mol] respectively. At pH =12 and
10~? [mol/1] H,, 4G, 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/l]. It remains unaltered even under
conditions where H,O is a substrate or a product of the
reaction. The activity of water is 1 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 AG,. The Gibbs free ener-
gy change of a reaction taking place at an actual temper-
ature (T,.,) which is different from the standard reference
temperature (T,.;) can be calculated with the solution to
the Gibbs-Helmholtz equation

T

T. t T f t
R LR - —.L ac 4
ref Tref + rTrer T ( )

ref

AG°

r, Tace

=A4AG?

The corresponding equilibrium constant at T, is derived
from

4GPy = —23026-R-T,, logK?,

which gives

4H? T — T
K% = pK®° rTrer | “ref act 5
PKaa P& er + 23026 R Tref T ( )

act

The solutions assume that temperature changes within
the physiological temperature span do not influence 4H?
markedly.

Example: With the values for AG° and 4H? for the
dissociation of water at 298.15 K (reaction 31, table 1.3)
one calculates pKy, = + 13.9855. 4G? and pKY, for
T = 5°C are calculated with equations (4) and (5) respec-
tively:

4G5 = + 78.218 [kJ/mol]
PKY, 275 = 14.688

The example illustrates that the water dissociation reac-
tion becomes less endergonic at lower temperatures. Sim-
ilarly, a temperature decrease from 25°C to 5°C makes
the dissociation reaction of bicarbonate (reaction 21,
table 1.3) less endergonic (+ 59.05 vs + 56.09 [kJ/mol]).
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In turn the value for the second dissociation constant
increases from pK9y¢ = 10.345 to pK9,5 = 10.533.

The thermodynamic solubility product for calcite at 5°C
calculated from the values of reaction 22 (table 1.3) in-
creases by 46% from K¢ ,o5 =4.788 - 107° to K? .4
=6.982-107° which indicates that calcite is slightly
more soluble in low temperature environments.

1.3.4 Effect of pH on AG,. 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 4GY". It is calculated for a proton
producing reaction

SH, <S8 +q-H"
from

{87} - {(H }3

AGY =AG?+ R T-1
T sH,)

(6)

Since {S?”} and {SH,} do not change at standard state
conditions, equation (6) reduces to

AGY = AG® + R-T-In{H*}d

act
which is
AGY = AG? —2.3026 -R-T-q - pH,, M

(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.

Example: The exergonic sulfate-reducing half-reaction
(18 in table1.3, AG,_,= —192.2kJ/mol) 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 (4G? 4=, = — 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 AG,. 4G, expressed as a function of pH is:

4G, = AG® +2.3026 - R - T~ (log Q' — q - pH,.)
or (®)
4G, =23026-R-T-(pK° + logQ — q - pH,.)
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with —A-22- /1
y logf, = PV (13)

Q l—[ { neq} ! {H }act 1+ a;- B-{/1

, j . . .
Q= H from Q= (with z; = charge, a; = ion size parameter, A and B are
{ } act 1_[ {Smeq} { )

parameters which depend on temperature and on &, the

1.3.5 Influence of microbial activity on solubility 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 X,Y into its ionic prod-

X~ y(s
ucts X¥¢) and Y

XYy X Xiogy + ¥ Yo

the equilibrium for standard conditions is

Lo X {Yy

{ } 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}*- {Y}’. For practical
purposes the thermodynamic solubility product (K?) is
equal to the operational solubility product for standard
conditions (esp. I = 0).

K" = [X]* - [YP 9)
([ ] designates concentrations.)

K? and K2 are calculated from AG? = — R - T - InK°.
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

=[X]* fx-[YP-f (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%-fy (11)
Equation (11) can be transformed and written in the
general form:

pK. = pK? — log(H ﬂl> =pK? — > v;logf; 12)
) )

(j stands for the ionic reaction products, v; designates
their stoichiometries.)

Introducing activity correction factors (f;) derived with
the extended Debye-Hiickel expression for ions in
aqueous environments '8

temperature-dependent dielectric coefficient of water and
I is ionic strength) into equation (12) gives

I(Ot_*_zj‘ﬁz\/i
il1+a;-B-/1

(pKY can of course be replaced by 4G°/2.3026 - R - T).
The operational solubility constant (K = 10~ PXs") 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.

PK; = (14)

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 10~ 2 mol-equivalents increases K& for calcite dissolu-
tion (reaction22 in table 1.3) from 1.835-107° to
2.135-107° (K% is 4.789 - 10~° for I = 0).

1.3.6 Influence of microbial activity on ion activity prod-
uct (I14P). The role of microbes influencing precipitation
and dissolution reactions by altering the concentration
of reactants is illustrated with the formation of siderite
(FeCO,) which can take place in reducing environments.
Siderite formation under standard conditions (reac-
tion 24, table 1.3) has an operational solubility product
K2 of 3.1935- 10~ !! (for I = 0). The precipitation reac-
tion is exergonic, above all due to the large entropy in-
crease. The saturation concentrations for CO2~ and
Fe?* for the 1:1 stoichiometry in siderite are thus
5.65-107° [mol/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:

{Fez * }act i {CO% ) }act
{Fe?*}eq - {CO3 }q

IAP 15

AG,=R-T-In

=R -T-In

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, < 1(4G, < 0)
for precipitation: IAP/K; > 1(4G, > 0)
for saturation equilibrium: IAP/K, = 1(4G, = 0)

Microbially mediated addition of Fe?*-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



