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THERMODYNAMIC PROGNOS SOF MICROBIAL INTERACTION
WITH IRON COMPOUNDS

ViraGovorukha, Olga Radchenko, Oleksandr Tashyrev

Abdgract. Microbid redox-trandformation of iron compounds is closdy rdated to the environmenta conditions defined by a st of
physica and chemicd factors, induding the pH and Eh vaue. Thermodynamic caculations of dl theoreticdly feasble ways of
microbid interaction with iron compounds (mohilization/immobilization, oxidation/reduction) are presented. It was theoreticdly
grounded that microorganisms were cgpeble to perform ahigh activity in the biogeochemica cydesof carbon and iron. Obtained results
can be usad to prognose the trandformation of iron compounds by microorganiams in naturd and man-made ecosysems and cregie
biotechnologies of microbid purification of water sources and wagtewater from iron compounds
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INTRODUCTION

Lifeisa continuous chain of organic and inorganic
compounds transformation. It involves chemica
elements of the periodic system in biogeochemical
cycles. Microorganisms provide cyclicity and balance

of macro- and microelementsin natura and man-made
ecosystems[18].

Energy metabolism of microorganiams is based on
redox-reections by which energy is released and gored in
phosphorylated compounds (ATP, c.). (Fig. 1) [14].
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Fg. 1. Compounds sarving as dectron donors and acoeptorsin the reactions of energy metabolism of microorganisms

Oxidation of organic matter coupled with Fe(lll)

play asgnificant role in the digtribution of vector carbon

reduction has a dgnificant role in biogeochemicd cydes  and energy flowsin ecosystems (Fig. 2).

[9, 10]. Iron compounds are widespread in naturd
ecosystems (s0ils, sediments of seas and freshwater, ec))
a a concentration of severd tens of milligrams to 35
grams per 1 kg of dry deposits (sail, etc.) [1]. Thisimplies
that Fe(lll) can be reduced by microorganisms coupled
with organic metter oxidaion in soichiometric ratios.
Therefore conjugated cyde of organic compounds
oxidation and F(I11) reduction by microorganisms may
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Involverment of microorganiams in the trandformation
of iron compounds is known from the beginning of the
twertieth  century. [9, 15. However, the complee
dggnificance of microorganiams in the biogeochemica
cydes of iron compounds tranformation has not been
determined completdy [10)].

Microorganisms ahility to generate energy reducing
Fe(lll) asatermind dectron acogptor is proved by sudies
held during XX century [5, 6, 7, 10]. On the other hand,
Fe(I11) can be reduced by microorganisms nongpecificdly,
i.e by exometabalites — reducing agents [2, 5]. However,
currently thereis no generdized theoretical concept of iron
compounds transformation by microorgeniams in
biogeochemicd cydes. That is why the am of the work
was to develop the method of thermodynamic prognosing
of microbid interaction with iron compounds in order to
determine dl possible pathways of iron trandformation in
biogeochemicd cydes in naurd and man-made
ecosystems.

MATERIALSAND METHODS

Themodynamic and mathematicd cdaulating
methods were usad to estimate microbid interaction with
iron compounds[12, 14, 17].

RESULTSAND DISCUSSION

There are both soluble and insoluble compounds of
Fe(ll) and Fe(IlT) in the environment due to the physca
and chemicd conditions. Ironisapart of insoluble mineras
such as hematite (Fex0s), magndtite (Fe;0,), goethite (o~
FeO(OH)), lepidokryt (y-FeO(OH)), pyrite (FeS;), Sderite
(FeCO,) and others. Soluble forms of iron are ions or
soluble complexes with organic acids, amino acids, €c. [6,
8,9 13].

Genedized pathways of microbid interaction with
iron are as follows "mobilization-immobilizetion” and
"oxidetion-reduction”. The scheme of iron compounds
transformation is presented on Fg. 3.
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.5 7'} é 5 7'} é
I I
é = é hudl
mobilization -
Fe(OH), Fe?

immobilization

Fig 3. Thescheme of iron compounds transformation

The course of theordicdly feasble metabalic
pathways of microbiad iron compounds transformation
esserttialy depends on the pH and Eh vaue. Depending on
the pH vaue and redox-potentid Fe(Il) and Fe(11) may be
in the form of soluble (ions and chdlated complexes) and
insoluble (oxides, hydroxides carbonates, sulfides etc)

compounds. Reaction equations and Pourbaix diagrams of
eements [12] dlow to cdculate the pH and Eh of inverse
reactions of soluble and insoluble iron compounds
formetion (Table 1).

Let's condder possible ways of soluble and insoluble
iron compounds formation depending on the pH.

Table 1. Formation of soluble and insoluble iron compounds depending on their concentration and the pH val ue of

environment
ThepH vaueof iron compoundstransformation at a
Ne Iron compounds concentretion
Soluble Insoluble 0,01 moléel 1mole/l
1 Fe* FeO; 043 00
2 Fe* Fe(OH): 228 161
3 == Fe(OH), 765 6,65

Insoluble Fe(l11) oxides (Fe,Os) are formed at the
pH values above 0,0. lons of Fe** at the concentration
of 1 mole/l are stable in the medium at the pH < 1,61.
At higher values of the pH Fe(l11) forms an insoluble

hydroxide — Fe(OH),. That iswhy ironisinsoluble in
oxygenic zone of environment. Iron(I1) in the form of
Fe?* cations at the concentration of 1 mole/l is stable
a the pH < 6,65. At the pH > 6,65 insoluble
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hydroxides of iron(ll) — Fe(OH), — are formed. As the
concentration of iron ions in the environment
decreases, the pH value at which the transformation
of soluble compounds into insoluble takes place

increases (Fig. 4). For example, at the concentration
of 1 mole/l of Fe* its hydroxide is formed at the pH >
1,61, and at the concentration of 0,01 mole/l — at the
pH > 2,28 (Table 1).

C, molel
1
Fe’* \Fe(OH);
“«— \ —»
Fe" \ Fe(OH),
«—\ —>
001
: ' : . :
0 2 4 6 8 pH

Fig. 4. The pH dependence on iron compounds concentration during their transformation from solubleinto insoluble

Depending on the direction of the microbid
metaboliam there is a posshility of iron compounds
mohilizetion or immohbilization in accordance with the
Tablel

Moahilization of iron compounds occurs due to the
addification of medium or the formation of metd-organic
complexeswith microbid exometabolites-chelaors.

Let's condder iron mobilization & the acidification of
medium. Insoluble Fe(lll) compounds in the form of
oxides and hydroxides are stable in dkaine, neutrd and
even acidic conditions. Cetions of Fe*" are stable in the
narrow pH range 0,0..1,6. Adidificaion of the culture
medium occurs when protons that can be regarded as
typica exometabalites are accumulated. Adidification due
to H' tekes place during fermentation of organic
compounds in the aisence or defidency of O,. The
mobilization of Fe(lll) compoundsin anaerobic conditions
occurs during the accumulaion of pratons in the culture
medium by autotrophic microorganisms such  as
Thiobacillus ferrooxidans, Suifolobus  acidocaldarius
Thus, mohilization of insoluble F(I11) compounds can be

Fermentation
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i CO, .
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caried out by microorganiams that srongly ecidify the
environment [5, 6, 12):
Fe(OH); + 3H" — Fe* + 3H,0.

Insoluble Fe(Il) compounds in the form of hydroxides
areseblein neutra and akaline conditions. Cations of Fe™*
are dable a the wide range of pH = 0,0-6,7. So, typicad
chemoorganotrophic  microorganisms  (for  example,
Shewandla putrefaciens, Psaudomonas §p.) that reducethe
pH < 7 during the growth can mohilize insoluble Fe(I1)
compounds

Fe(OH), + 2H'— F&*" + 2H,0[5, 6, 12].

Microbid exometabolites form soluble  complex
compounds with iron ions and hydroxides. Thereis the
possibility of chdated complexes formation (R-Fe**-R,,
R-Fe*-Ry) during the interaction of iron with amino acids
or organic acids (acetate, citrate, etc)). They are dable in
solubleforminawiderange of thepH = 0,0...12,0.

Fg. 5 gengrdly shows possihility of insolubleiron
compounds mobilizetion due to the interaction with
exometabalites that are the products of fermentation, and

aso acidification of the medium.
Fe(OH), .| Fe(T0) citrate
Fe(OH), " | Fe(11D) citrate

Mobilization

Fg. 5. Mohilization of insoluble iron compounds by microbid exometabalites—fermentation products
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Immobilization of iron compounds may occur due
to the dedruction of metd-organic complexes or
medium dkalization by microorganiams.

In the firgd case, immobilization of soluble iron
occurs due to the organic radical's of complex Fe(I1) and
Fe(Ill) compounds dedtruction by microorganisms. It
leeds to the formation of insoluble iron oxides and
hydroxides in neutra and akaine conditions. In the
second case, we assume that some microorganiams such

as denitrifying bacteria may indirectly form insoluble
iron compounds according to the fallowing mechanism.
The dkdlization of culture medium containing KNO; as
electron acoeptor takes place due to the accumulation of
akdi K* cation during the reduction of NO;-group of
KNO; to malecular nitrogen (N,). Thus, the pH shift to
the vaues more than 7,5 leads to the precipitation of
iron. Soluble iron caions tranform into insoluble
hydroxides (Fig. 6, Table 1):

2KNO; +6&+6H" — > 2K™+ N, + 6H,0 (akalization)

NS

Fez+ H>6

Fe(OH),|

Fg. 6. Possbleimmohilization of solubleiron compounds with the participation of denitrifying bacteria

The end result of microorganisms interaction with
iron compounds significantly depends on the redox-
potentid [14]. The prognoss of microbid interaction
with iron compoundsis presented in Fg. 7 inthe pH and
Eh coordinaes Let's condder the posshility of
microbia Fe(lll) reduction depending on the pH and Eh
vaues Micobid redox-trandormetion  of  iron
compoundsis described by one resction:

—

=2() Fe(ll).

Microbid reduction of metasis determined by the
thermodynamic propearties of wae as a habitat for
microorganisms, energy characteridtics of
microorganisms and redox-characterigics of metds.
Microbid catabolism is possible only indde the zone of
thermodynamic gability of water in the Ehrange of
- 414 to +814 mV (pH = 7,0), where the upper and
lower limit are determined by the reections:

2H,0 O+ 4H + 4¢;, E/=+814mV ()

H, . 2H"+2, E'=-414mV (0]

In the firgt casg, if the Eh vdue goes beyond the
resulted limits water acts as a reducing agent and is
oxidized to O, (equation 1). In the second case, when
Eh <-414 mV, the proton of water serves as an oxidant
and isreduced to H, (equation 2) [17].

The reactions Ne 1-3 are in the area of waer
thermodynamic gability (from -414 mV to +814 mV a
the pH = 7,0). So microorganisms are able to reduce
Fe(Ill). Reections of Fe(Il) reduction to Fe’ are outside
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of this zone (reections Ne 4, 5). Thus, microbid
reduction of F(I) compoundsis strongly prohibited.

Reduction of soluble Fe* is posshle a the
pH < 1,6, because Fe(lll) is in the ionic form only in
highly acidic conditions (reaction Ne 1). Reduction of
insoluble iron hydroxide (Fe(OH),) takes place a the
pH > 16. Redox-potentid of Fe(OH); reduction
(reactions Ne 2, 3) is pH-dependent, as H' isinvolved in
the reaction. For example, for the reection Ne 2 at the pH
=20Eh=+702mV, but & thepH =6,0 Eh=-7mV.

The difference of patentids between the dectron
donor system and F(lll) that is an dectron acceptor
determines the possibility of microbid Fe(l1l) reduction.
According to our conception, metabdlicdly active
microorganisms and their redox-enzymes serve as "the
eectron donor system'”. Reduction of Fe(l1l) is possible
ether with energy obtaining or without its emisson that
isasdeprocess.

On our opinion, the difference of potentid's between
donor and acceptor systems at leest 100 mV is the
necessary and sufficient condition for coupled eectron
donor oxidation and Fe(lll) reduction. In summary,
metabalicaly active bacteria that decresse the Eh to
negative va ues dueto the subgtrate oxidation (the source
of carbon and energy) isthe donor system. Oxidized iron
compounds (Fe*, Fe(OH);, Ri-Fe*-R,, dc.) are the
acceptor  sydem. So, decreesng of the Eh by
microorganisms leads to inevitable reduction of F(lI)
to F(l1).

Thermodynamic prognoss dlows to genedly
edimate theordicdly feasble contribution  of
microorganisms in the biogeochemicd cydes of iron
compounds transformation in the environmen.



Ecological Engineering and Environment Protection, No 1, 2015, p. 12-23

+1200 |

+800
1 Fe’+e=Fe" (1)

+400 _

Fe(OH); + 3H" + & = F&* + 3H,0 (2) T~

~

~~ L _2H,0=0,+4H"+4¢

Fe(OH); +H* + & = Fe(OH),+ H,0 (3)

Fg. 7. Zones of redox-gtability of F(Il) and Fe(l1l) compounds

Note: a (top) and b (lower) - limit of thermodynamic stability of water:
a—is described by the equation: O,+4H"=2H,0 and Eh =1,228-0,0591pH - 0,0295|gPH,;
b —is described by the equation: 2H" + 2e=H, and Eh = 0,000 —0,0591pH - 0,05911gPH,.

Determingtion of iron gability fidds dlows to
prognose any possible way of microbid interaction with
iron compounds (Fig. 8).

Microbid Fe(Ill) reduction is possble only in the
area of water thermodynamic stability [14]. The upper
limit of this zone is desribed by the egudion
O, + 4H" = 2H,0. For this resction, the sandard
potentid® (Ey) is equal to +814 mV. Standard potential
of the reection tha desribes the lower limit
(Hy=2H"+2%) is-414 mV (Fig. 8).

Such compounds as Fe*, Fe*, Fey0,, Fe,0;nH,0,
Fe(OH)5, Fe(OH),, FeCOs, FS; and other are gable in

! Standard potential (E;) means that the
concentration of oxidized and reduced forms is
equal to 1 moleand thepH =7,0.
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the area of water thermodynamic sability. It is possble
to cdculate any number of options for the ratio of iron
compounds depending on their concentration and the pH
and Eh vdue We mug condder not only the
concentration of iron, but dso carbonates and sulfidesin
the environment to cdculate the conditions required for
the formation of insoluble FeCO; and FeS,. Thisnead is
related to the fact that carbon dioxide and its derivetives
(HCO;, COS), and aulfide (H,S, HS, §) are common
exometabalites of microorganisms. In this regard, it is
theoreticdly possble to cdculate the conditions of
soluble iron sedimentation with such compounds as
HCO;, COs%, RSH, H,S ad S°. We usd the
generdized scheme shown on Fig. 8 for calculations
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Fg. 8. Sahility fiddsof iron compounds|3]

Note: a (top) and b (lower) - limit of thermodynamic stability of water:
a—is described by the equation: O,+4H"=2H,0 and Eh =1,228-0,0591pH - 0,0295|gPH,;
b —isdescribed by the equation: 2H" + 2e=H, and Eh = 0,000 —0,0591pH - 0,05911gPH..

Stability field of Fe** is in the range of
Eh = +770...+41100 mV and pH = 0,0-2,0. Cation of
Fe?*, in contradiction to Fe**, is stable in a wider
area of the pH-Eh. The range of Fe** stability in
terms of Ehis- 400...+770 mV and pH = 0,0-6,0. At
the pH > 2,0 Fe*" transforms into insoluble Fe(OH);
or Fe;05-nH,0. Hydroxide, Fe(OH);, is stable in the
range of Eh = - 550...+770 mV and pH = 2,0-14,0.
Soluble form of Fe** is converted into insoluble FeS,
in the range of Eh = - 400...+100 mV and pH = 6,0-
9,0. Iron carbonate FeCQO; is stable in the range of
Eh = - 450...0 mV and pH = 6,0-8,0. Insoluble
FeSiO; can be formed within Eh = -800...0 mV and
pH = 8,0-14,0.

Physical and chemical parameters of ecosystems
dlow to determine the state of iron without
comprehensive direct chemical analyzes of natura
samples of soil, etc. Measurement of the pH and Eh
in the ecosystem can prognose the dominant redox-
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forms of iron — Fe(ll) or Fe(lll) and soluble
(insoluble) compounds. For example, if the Eh = 0
mV at the pH = 6,0 iron can exigt in insoluble
(Fe(OH)s, Fe;03) and in soluble (Fe*) form. And at
the Eh =0 mV and the pH = 8,0 only insoluble
form (Fe(OH); or Fe,0O3) can exist.

Basing on thermodynamic properties of iron we
can create conditions (selective media) for microbial
reduction of soluble and insoluble forms of iron.

To mohilize insoluble Fe(l1l) compounds it is
required to create such selective conditions where
microorganisms decrease pH < 2,0. It is possible
during the fermentation of carbohydrates that leads
to the strong acidification of medium (Table 1). Also
mobilization of insoluble Fe(ll) and Fe(lll) is
possible during production of exometabolites-
chelators (Table 1)

On the other hand it is required to move the pH
value in the akaline zone for the immoabilization of
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soluble iron compounds (Table 1). It is possible
during the growth of denitrifying bacteria and any
other metabolic pathways that lead to the
akalization of the environment. The formation of
insoluble carbonates and sulphides of iron can take
place in dightly akaline conditions due to the
accumulation of exometabolites (CO, and H,S).
Solubility product' of iron carbonate (FeCO,) is
3,5-10™, and pyrite (FeS,) — 6,3-10° [11].

On our opinion, formation of iron carbonates is
one of the dominant process in ecosystems in
neutral, slightly alkaline and alkaline conditions. It
can be used for water purification from iron
compounds by microorganisms. Carbon dioxide is
produced during the organic compounds oxidation
by microorganisms. Interaction of carbon dioxide in
the form of HCO; or CO5* with iron (Fe**) leads to
the formation of insoluble FeCOs in slightly akaline
conditions and purification of water from soluble
iron compounds.

In acidic conditions (pH < 2) where F(Il1) is found
mainly in caionic form (the reduction potentia is equa to
+770 mV) (FAg. 7), thiobaclli or add resdant
chemoorganotrophic bacteria can reduce Fe** to Fe*".

Compounds of Fe(l1l) form insoluble oxides and
hydroxides at the pH range from 2 to 8. The redox-
potentid of these compounds is lower than of the
cationic form. It ranges from - 100 to +770 mV (Fig.
7). Reduction of Fe(lll) oxides and hydroxides can be
provided by a wide range of microorganisms
belonging to different taxonomic  groups
(Clogtridium, Bacillus, Pseudomonas, Geobacter,
Shewanella, Rhodoferax, etc.). These microorganisms
can significantly affect the reallocation of carbon and
ironin ecosystems|[5, 6, 9].

We suppose that akaliphilic microorganisms can
aso reduce insoluble Fe(lll) compounds, such as
Fe(OH)s, at the pH > 8. The redox-potential of these
compounds at the pH > 8 ranges from - 400 to -100
mV (Fig. 7). The energy output of the reduction is
low and has few advantages for microorganisms.
Therefore, it is likely that under these conditions
nonspecific reduction of the Fe(l11) compounds in the
stationary growth phase by microbial exometabolites
ispossible.

! Solubility product is the mathematical product of
ions activity of dightly soluble electrolyte in its
saturated solution. Its value indicates the degree to
which a compound dissociates in water. The higher
is the solubility product, the more soluble is the
compound.
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Basing on the Pourbaix diagrams [12], we cdculated
the sandard potentids of iron compounds reduction
reections and subgantiated theordticdly acceptable
microbia reduction of certainiron compounds (Table 2).

Obvioudy, that microorganisms can reduce
Fe(ll1) to Fe(ll) (Table 2, reactions 1-4). It is possible
because the standard potentials of Fe(lll) reduction
reactions are within the range of water
thermodynamic stability (- 414 < Ey < +814 mV).
However, further reduction of Fe(ll) to Fe° is
impossible, because the value of the standard
potentid is outside the water thermodynamic stability.
So there is a strong thermodynamic ban for this
reactions (Table 2, reactions 5 and 6).

Table 3 presents the redox-potentias of iron reduction
reections. Table 4 shows redox-potentids of dectron
donors oxidation reactions. Basng on thee daa, we
caculated the change of free energy of coupled redox-
reections[14] (Table5):

AGy = —1FXIEy = n23,067%4Ey (kcal/mole), (3)
AEy = Egl —Exp' (V), @

where n — number of electrons participating in the
redox-reaction, F —Faraday constant, and AEy' — the
difference of potentials between the electron
acceptor and donor. The value of AEy' is brought to
the pH = 7,0 and a molar concentration of oxidized
and reduced forms of electron donors and acceptors.

For example, for thereaction H, + 2Fe™ = 2H" + 2F¢®
the difference of potentids between the dectron acceptor
(Fe*) and donor (H,) is(pH = 1,6):

AE=+0,771+0,095=0,866V/ ®)

The change of free energy for given redox-
reactionis

AGy = F¥E, = —2-23,067-0,866= —39,95 keal/mole. (6)

The vaue of reaction is negative, i.e 4Gy < 0, 0 the
reection occurs with energy rdease. This implies the
possihility of microbid reduction of Fe(l11) to F(Il) by the
shown reection with release of energy.

The necessary condition for any metal reduction is
tha the redox-potentid of metabolicdly active
microorganisms and respective complex of redox-
enzymes has to be more dectro negetive than metd
reduction potentid. In this case the 4G, takes negdive
vaues. It meansthat the redox-reaction of metd reduction
occurswith the rdease of freeenergy (4G, <0) [14].

Posshility of microbia Fe(lll) reduction is
confirmed by our caculations, shown in Table 5 for
such eectron donors in energy metabolism as H,,
NADH,, succinate. For H, as an dectron donor in
reactions 1-4 the 4G, (kcal/mole) has negetive vaues:
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-39,95; -12,5; -10,61; -12,18 respectively. It suggeststhe
possibility of using such reactions for obtaining energy
by microorganisms. In contrast reactions 5 and 6 are
characterized by postive vaues of 4Gy  (respectively
+1,2; +2,12 kcd/moale). In this case, the potentid of
eectron acceptor is lower than the potentia of donor.

Therefore bacteria can not carry out these reactions since
these reactions lead to the energetic depletion of
microorganisms. Transferring electrons from succinate
and NADH, the course of reactions 7-10 and 13 is
theoreticaly possible, while reactions 11, 12 and 14-18
are energeticaly prohibited.

Table 2. Thermodynamic prognosis of microbid reduction of iron compounds

Ne| Few | Fewm Reection equation PH EhV P‘?@edﬂitgn"f
1 | Felll) | Fe(ll) Fe'+e=Fe" 16 |[+0771 +
2 | Fellll) | Fe(ll) Fe(OH). +H + e=Fe(OH),+ H,0 70 | -0143 +
3 | Fll) | Fell) Fe(OH): + 3H +& ="+ 3H,0 70 |-0184 +
4 | Felll) | Fe(ll) [Fe*: ditrate]+ & =[Fe’"citrate] 70 | -0150 +
5 | F(lI) | Fe0) Fe + 2% = Fe" 70 | -0440 —
6 | F(I) | Fe0) Fe(OH), +2H" +28 = Fe&" +2H,0 70 | -0460 -

Note *— Fe* cation is stable only in strongly acidic conditions Reaction Fe*" + 3H,0 = Fe(OH); + 3H"

corresponds to the equation Igf Fe™}= 4,84 — 3pH. If {Fe™} =

1, Ig{Fe*} = 0. Herefrom 3pH = 4,84. Namdy, pH = 1.6

means, thet in excess of thisvalue Fe** istransformed into insoluble form — Fe(OH)s.

Table 3. Sandard redox-potentidsof ironreductionreactions  and citrate of Fe(lll) are to be reduced with less

Ne | Reaction equetion pH | EgV

1 | F*+e=F" 16 | +0771
2 ﬁg’“k HH + & = FOH* | 7 | o143

3 | FeOH);+3H +e=F*+3H,0 | 70 | -0,184

4 | [Fe* xditrate]+ & =[Fe* xitrate] 70 | 0,150

5 | F+%=F¢ 70 | -0440

6 | Fe(OH),+2H +2&=F+2H,0 | 70 | -0460

Note: *—for reaction Ne 1 AE, vdueis given to the vaue
pH=16.

Table4. Redox-potentia sof dectron donors oxidetion reactions

Ne Reaction equetion pH | EoV
S I A B Y 7
2 | NADH,=NAD"+2H"+ 2% %:g ﬁg
3 | succnae=fumarate+ 2H'+ 26 %g :%%%4

According to our cdculations, the efficiency of
Fe(l11) reduction is as higher, as the greater energy output
for the redox-resctions is. In the consdered redox-
reections, microorganisms carry out reduction of Fe*
ions to Fe** (reaction 1, 7, 13) the most effectively using
H,, NADH, and succinate as eectron donors. Hydroxide
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efficiency, if H, and NADH, serve as dectron donors.
When succinate acts as an el ectron donor microorganisms
can not reduce Fe(l11) hydroxide and citrate.

Smilarly, the energy output can be caculaed for any
pair of dectron donorsand acoeptors.

The phenomenon of Fe(lll) reduction in the
environment has been the subject of controversy
between supporters of chemical and biologica nature of
the processfor along time. The possibility of both types
of the processes existence is proved now. Thus,
chemicd Fe(lll) reduction is possible by microbid
reducing metabolites. organic acids, sulfide containing
amino acids or inorganic compounds such as hydrogen
aulfide. In addition, Fe(lll) may be involved in
dissmilatory metabolism of bacteria as a termind
electron acceptor [16].

There are three metabolic pathways of Fe(lll)
reduction:

1. Using of Fe(lll) as a termina electron
acceptor by microorganisms in catabolic processes
obtaining energy;

2. Non-specific reduction of iron by metabolic
products that are low-potentia reducers [5];

3. Non-spedific reduction of iron due to the redox-
andogy of metd and the termind eectron acceptor (for
example, NOy), that is used by microorganisms in the
respiratory chain. Because of the proximity of their redox-
potentid vaues microbid redox enzyme sysgems may
“mistakenly” reduce Fe(lll) compounds [17]. In this
caereduction of Fe(111) doesn't lead to energy obtaining.
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Table5. Energetica prognosisof Fe(l11)-reduction by microorganisms

. Reaction equation . . 4Gy,
Ne (acoeptor and donor) PH B,V AEs,V keal/mole
F€3++ €= F92+ +0,771*
v H,=2H"+ 2 16 0,095 +0,866 -39,95
Fe(OH); +H" + &=Fg(OH),+H,0 0143 ~
2 | S o 70 0414 +0,271 125
Fe(OH)s + 3H" +&=F¢" + 3H,0 —0184
3 | H=2H'+2 70 o +023 1061
[Fe: ditrate] + & =[Fe™"citrate] 0,150 ~
4 H,=2H'+ 2 70 0414 +0,264 12,18
F + 26 =F¢ 0,440
> | M= 2+ 2% O oma 002 2
Fe(OH), +2H" +2& = F&" +2H,0 0460
6 H,=2H'+ 2% 70 0414 -0,046 +212
Fe"+e=Fe" +0,771*
7 | NADH,=NAD" + 2H'+ 2 16 o158 +0,929 42,86
Fe(OH); +H" + e=Fe(OH)+H,0 -0143
8 | NADH,=NAD" + 2H"+ 2% 70 0320 +0,177 817
Fe(OH); + 3H" + &=F¢’" + 3H,0 -0,184
9 | NADH,=NAD" + 2H" + 2 70 020 +0,136 627
[Fe*: ditrate]+ & =[Fe™": ditrate] 0,150 .
10| NADH, = NAD" + 21"+ 28 0 20320 +0.17 7,84
R + 22 =F¢& 0,440
11 | NADH,=NAD" +2H"+ 2 70 030 012 +554
Fe(OH), +2H" +28 = Fe" +2H,0 -0,460
12 | NADH, = NAD" + 2H"+ 2% 70 030 0,14 +6,46
Fe*+e=F¢" +0,771*
13" | sucdinate = fumarate + 2H' + 26 16 +0,354 +0,417 19,24
Fe(OH); +H" + e=Fe(OH)+H,0 -0143
14 | sucdinate = fumerae+ 2H' + 26 70 1003 -0,173 +7,98
Fe(OH); + 3H" + &=F¢’* + 3H,0 -0,184
15| siodnate = fumerate + 21"+ 26 70 +0,03 -0214 +9,87
[Fe*: ditrate]+ & =[Fe™": ditrate] 0,150
16 succinate = fumarate+ 2H' + 26 70 +0,03 -018 +83
Fe' + 28 =F¢ 0,440
17 | succinate=fumarate+ 2H' + 2 70 1003 -047 +21,68
Fe(OH), +2H" +2& = F&" +2H,0 0460
18 succinate = fumarate + 2H' + 26 70 +0,03 -049 +22,6
Note: * —for reection Ne 1, 7, 13 vduesare given to the vduepH = 1,6,
because a thepH > 1,6 Fe(l1) is predipitated: Fe* + 30H — Fg(OH),
Generdly reduction of Fe(OH); occurs in Microorganisms can use a wide range of
accordance with these coupled redox-reaction: inorganic and organic compounds as electron donors
& donor— 6 + NH* + reaction produdts; @ fToarbIIZeegll) reduction. These compounds are listed in
Fe(OH); +& +3H" — Fe&"+3H,0[5]. ) '
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Table6. Electron donorsfor Fe(l11)-reducing microorganisms

Microorganisms
Ne | &donor Reaction equation . Ref.
Aerobes ';iwaelrtggg Anaercbes
Sewandla - 5,6,
1 H, H,+ 2Fe(lll) — 2H + 2F¢(ll) Pseudomonas sp. ourefaciens Desulfovibrio sp. 79
Thiobacillus
o o | S+erein+ao— frertﬁooﬁ)‘;'ans ) ) c oo
— HSO, + 6Fe(ll) + 7TH" QUfolobus
adidocaldarius
CeH106+ 24Fe(111)+12H,0 — , Vibrio ., Clogridium
3 | CelleOs | 6ico, + 24re(ll) + 30H" Bagllussp. Badillusp. | butyricum 59
Desulifovibrio
lactate” + 4F€(ll) + 2H,0 — P Shewandla | .,
4| lectae — acetate + HCO; + 4F¢(Il) + 5H" MNEE. putrefaciens | Desulfotomaculu 56,9
mnigrificans
Geobacter
acetae” + 8F(Ill) + 4H,0 — metallireducens,
S| A | oo+ 8rel) + OH - - Desufuromonas | ©
acetoxidans
formate” + 2F(lll) + HO — Sewandla
6 | formate | oricos+2Fe(ll) + 2H" B putrefaciens B 5.6
. Vibrio sp.
pyruvate” + 2F(I11) + 2H,0 — '
7 | pyruvae ) . - Shewandla - 56,9
— acetate + HCO; + 2F¢(Il) + 3H" ourefadiens
phenol + 28Fe(lll) + 17H,0 — _ _ Geobacter
8 | phendl | T 05+ 28Fe(ll) + 34" metallireducens | > ©
Note “~" —no data

CONCLUSIONS

Thus, the thermodynamic prognosis alows to
caculate main directions of biogeochemical ways of
microbia interaction with iron compounds in man-
made and naturd ecosystems (Fig. 9). The
transformation of iron compounds is based on the pH
and Eh values of the environment. It includes redox-

reactions and reactions of soluble iron compounds
transformation into insoluble and vice versa. It is
possible to calculate dl theoreticaly feasible kinds of
microbia interaction with iron compounds and to
determine the necessary and sufficient conditions for
the regulation of this interaction according to Pourbaix
diagrams and respective redox-equations.

: Fe(ll1) Insolubleiron
Solubleiron compounds
compounds immobilization oxidation > Fe;0,

Fe™, Fe(OH)s, Fe(OH
Ri-FE™-R,, Fe¥', ¢ . A recor
RoFER, reduction y mobilization ! °
Fe(ll)

Fig. 9. The model of inverse microbial transformation of soluble iron compounds into insoluble
and oxidized into reduced
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Microorganisms can cary out conjugated cycle of
carbon compounds oxidation and Fe(Il1) reduction. Using
F(lll) in dissmilatory metabolism smultaneoudy with
such common termina eectron acceptars as O,, NOs,
SO/, ete. Fe(ll)-reducing microorganisms are involved in
the didribution of vector carbon and energy flows in
ecosystems.

Microorganisms can mobilizeiron of minerds, destroy
s0il minerds, feadilitate migration of its soluble compounds
in the eath cust. They dso can immobilize iron,
concentrateit, deposit of iron and form minerds (Fg. 9).

Contralled reguldion of microbid transformetion of
iron compounds engbles the devdopment of effective
water purification biotechnologies from iron. In this case,
there must be creeted conditions for converson of soluble
iron compounds into insoluble form. Since Fe** cations are
gablein awide pH range (Table 1), it mugt be oxidized to
Fe(lll). It can be done using microbid assodations with
agraion of media For example, Thiobadillus ferrooxidans
oxidizes Fe(l1) to F(IlT) in low-acidified conditions with
next formation of insoluble Fe(OH); asfallows|[4):

AFE +20, + 4H" — 4Fe* + 2H,0,
Fe* PO > Fe(OH)s|.

As organic compounds are present in weter they may
form metd-organic complexes with Fe(Ill). Chelated iron
is stable in awide pH-range. Organic compounds must be
destroyed by microorganisms to remove Fe(lll) from the
solution. Cation of Fe”* isungtable a the pH > 1,6. Because
a the pH > 16 Fglll) compounds are sable only in
insoluble form, such as Fe(OH)s. It leads to the formation
of insoluble iron oxides and hydroxides and, consequently,
toiron removad fromwater. Interaction of Fe(Il) and F(l11)
compounds with such microbid exometabalites, as H,S
and CO,, leads to the formetion of insoluble iron
carbonates and sulphides. It dso hepsto removeiron from
water.

It is possble to caculae theoreticaly and choose the
mog effective microbia pathway of iron compounds
transformation basing on the thermodynamic prognoss of
microbia interaction with iron. Thermodynamic prognosis
dlows to quantify the contribution of microorganiams in
the biogeochemicd cydes of iron compounds
transformation in the environment, and create cogt-effective
and environmentdly friendly biotechnologies of water
purification from iron or use microorganisms for Fe(Il) and
Fe(I11) mohilization from metd ore.
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TEPMOJMHAMWYHU ITPOT'HO3U 3A B3AUMOJIEMCTBUSITA HA
MHUKPOOPT'AHU3SMMUTE C KEJIS30CBhABP/KALLIM CBbEIUHEHUA

Bupa I'oBopyxa, Ornra Pamdenxo, Anexcanmsp Tarmmpes

Pe3tome. MukpoGHaTa peoKc-TpanchopMaLyist Ha JKENIe3HUTE ChEIMHEHUS € CBbp3aHa C YCIIOBHSITA Ha OKOJTHATA Cpeia, epUHUpaHH
Karo rpyrna or (hM3WYecKH W XUMudeckd (axropd, BmountenHo pH u Eh. B paborarta ca mpencTaBeHH BCHYKH TEOPHTHUHO
VBOBTHAME [TBTHINA HA B3aHUMOJICHCTBHETO HA MHKPOOPTaHM3MHTE C JKENE3HH CheAMHEHUs (MOMBWKHK/ HMMOOMITH3UPAHH,
okwcreHue/peykims). TeopuTnaHO OOOCHOBAHO €, Y€ MHKPOOPTaHM3MHTE Ca CIIOCOOHH JIa MPOSBSBAT BHCOKA AKTHBHOCT TIO
OTHOIIICHIE HAa OMOTCOXMMHYHHTE LMK Ha BBIVICPONO ¥ JKeir3oTo. [lomydeHuTe pesyirarit Morar a ObIaT M3IOM3BAaHH 3a
TIPOTHO3MPAHE HA MUKPOOHHTE TpaHC(OPMAIIIUTE Ha JKEJIe3H! CheIMHCHHS B TIPUPOJIATa H €KOCHCTEMUTE CH3/IaICHH OT YOBEKA H 32
Ch3/1aBaHe Ha OMOTEXHOJIOTHH 32 OYMCTBAHE HA BOTHH M3TOYHHIIN F OTITA/THI BOJIH OT JKEIBI30CHIBPKAIIN ChSIUHCHIL.

Ki1i040BY {yMH: MUKPOOPTaHU3MH, KEJIC3HH ChEIMHEHHSI, TEPMOIMHAMIYHH [IPOrHO3M, PEAYKIHS HA YKEISI30TO, OHOreOXUMIYHA
POJIsl HA MUKPOOPTaHM3MHTE, MAKPOOHN OMOTEXHOJIOTHH.
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