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THERMODYNAMIC PROGNOSIS OF THE EFFICIENCY OF TOXIC METALS EXTRACTION
FROM SOLUTION BY MICROORGANISMS AND THEIR GENETIC POTENTIAL

Aim. Thermodynamic justification of pathways of
microbial interaction with metals and development
of theoretical foundations of novel biotechnologies
for purification of industrial waste water from envi-
ronmentally hazardous metals-oxidizers (CrO,?,
Mo0O,*, WO,%). Methods. The fields of stability of
metal compounds in aqueous solutions in the coor-
dinates of pH-Eh were calculated using classic
Pourbaix diagrams. The effectiveness of metals
extraction from solutions was evaluated according
to Gibbs free energy. Results. On the base of ther-
modynamic calculations conditions and efficiency
of metals extraction by microorganisms was shown.
Microbial reduction of CrO,* to insoluble Cr(lll)
hydroxide was the most effective. Additional car-
bon and energy sources are required for effective
molybdate reduction. Extraction of tungstate can
not be carried out by microorganisms. Conclusions.
Thermodynamic prognosis is effective method for
developing novel environmental biotechnologies
for purification of environmentally hazardous met-
al-containing wastewater and simultaneous treat-
ment of organic waste.

Keywords: thermodynamic prognosis, microbial
interaction of with metals, metals extraction,
purification of metal-containing wastewater, envi-
ronmental biotechnologies.

Deterioration of environment leads to an eco-
logical catastrophe. Contamination of environment
with compounds of toxic metals is one of the lead-
ing factors that negatively affects ecological situa-
tion [1, 2]. Enterprises of heavy and chemical in-
dustry, galvanic sewage water, etc are the sources
of such pollution. The wastewater discharged from
such enterprises contains compounds of toxic met-
als, the concentration of which significantly ex-
ceeds the permissible standards. Ingress of such
water to natural ecosystems leads to contamination
with toxic metals and gradual destruction [3-5].

Application of microorganisms for purifica-
tion of metal-containing wastewater is one of the
most promising areas of research now. Isolation of

specific metal-resistant strains is carried out. Also
genetic modification of them is conducted to im-
prove the efficiency of purification. As alternative
direction microbial enzymes such as chromium re-
ductases are purified to increase the efficiency of
metal detoxification. However, such technologies
require long-term studies and high costs to maintain
the strains. It significantly reduces the profitability
of technology. Although technologies for metal-
containing wastewater purification are now widely
applied, the level of environmental pollution is in-
creasing constantly [3, 4].

In this regard, there is a need to develop new
approaches to solve the problem of wastewater
treatment. To do this we have developed a concept
of thermodynamic prognosis of nonspecific micro-
bial interaction with metal compounds. It allows to
prognose all possible pathways of microbial inte-
raction with metal compounds, as well as to identi-
fy the most promising reactions that can be used for
purification of metal-containing wastewater [6].

Therefore, the aim of our work was thermo-
dynamic justification of pathways of microbial inte-
raction with metals and development of theoretical
foundations of novel biotechnologies for purifica-
tion of industrial waste water from environmentally
hazardous metals-oxidizers (CrO,>, MoO,”,
WO,2).

Materials and methods

Thermodynamic prognosis of microbial inte-
raction with metals is based on the calculation of
the fields of metal compounds stability in aqueous
solutions. To determine the stability fields of toxic
metals compounds (CrO,>, MoO,*, WO,%), the
classic Pourbaix diagrams were used in the coordi-
nates of pH-Eh [7]. Possible pathways of microbial
interaction with metal compounds were theoretical-
ly determined. The reactions that ensure transfor-
mation of soluble metal compounds into the inso-
luble were chosen. Such reactions served as the
basis for substantiation of effective biotechnologies
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for microbial extraction of toxic metals from solu-
tion.

The values of the standard potentials of metal
anions reduction were calculated using the equa-
tions shown in the diagrams of metals stability in
aqueous solution in coordinates pH-Eh [7].

Interaction of microorganisms with metals
was considered as a binary donor-acceptor reaction.
Redox-reactions of hydrogen fermentation of or-
ganic compounds were donor system. Reactions of
reduction of metal anions were acceptor system.

The evaluation of energy efficiency of CrO,*
, MoO,*, WO,* reduction and the possibility of
their use by microorganisms was carried out using
the Gibbs free energy equation:

AG,=-n-F-AE,=-n-96,5- A(E, Acceptor — E,
Donor ) kJ/M, [8]

where AG, — the free energy output in the bi-
nary donor-acceptor reaction (kJ/M), n — the num-
ber of electrons in the redox-reaction, F — the Fara-
day constant (23,07), AE, — the potential difference
between acceptor (metals) and donor (dehydroge-
nase) reactions (V).

For calculations, we used the values of stan-
dard potentials of reactions (E,") commonly used in
biology: at pH = 7.0 and 1M concentrations of oxi-
dized and reduced forms of redox-components [9].

Results and discussion

Thermodynamic calculations carried out by
us allow to determine theoretically acceptable
pathways of metals transformation by microorgan-
isms and to evaluate the most effective ones for
metals extraction from solutions.

Thermodynamic calculations are the theoret-
ical basis for the ways of detoxification of metal
compounds by microorganisms.

Conditions that determine the possibility of
microbial interaction with metals we proved pre-
viously [6]. Here are the most important points: 1.

Dissimilative metabolism of microorganisms can be
carried out only within the limits of water thermo-
dynamic stability (WTS). The field of its stability is
determined by the range of standard redox-
potentials (E, pn - 7) from +814 mV to —414 mV. 2.
Microbial reduction of metals is possible only if the
redox-potential of the reaction is within the limits
of WTS. 3. Microbial reduction of metals is possi-
ble only if potential difference between acceptor
and donor systems is not less than 100 mV. 4. The
efficiency and rate of metal reduction by microor-
ganisms is determined by free energy output (AG,)
that is proportional to the potential difference be-
tween acceptor and donor systems. 5. Microbial
reduction of metals is nonspecific process, that is, it
must be carried out by non-adapted to toxic metals
microorganisms.

Fig. 1 shows graphical description of values
of redox-potentials of reactions of chromium(VI),
molybdenum(V1) and tungsten(VI) reduction in the
coordinates of pH-Eh. Given that the stability of
each metal compound depends on the pH, the
length of the redox potential line is limited on both
sides. The values of pH of soluble metal com-
pounds transformation into insoluble are given in
the Pourbaix equations, so we do not quote them
here [7].

Redox-potentials of reduction of chro-
mium(V1) and chromium(I11) compounds are calcu-
lated according to the following equations of equi-
librium states of metal compounds [7]:

The illustrations presented on Fig. 1 show
that compounds of chromium(VI) can only be re-
duced to chromium (111) (reaction 1, 2), because the
potentials of their reduction are in the limits of
WTS. However, further reduction of chromium(lIl)
is impossible, since the potential of the reaction of
chromium(l11) hydroxide reduction is outside WTS
field (reaction 3).

Cr,0;% + 14H* + 6e = 2Cr** + 7H,0 (reaction 1)

Eh = 1,333 - 0,1379pH + 0,00981g

{Cr0," }.

W, Eo(pH=5) =+ 644 mV

CrO,* + (n-1)H,0+ 5H* + 3e = Cr(OH);nH,O (reaction 2)
Eh = 1,244 —0,0985pH + 0,01971g{CrO,"}; E, pu-7 = + 555 mV

Cr(OH); + 3H" + 3e = Cr° + 3H,0 (reaction 3)
Eh =— 0,654 — 0,0591pH; E, =7 = — 1068 mV
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Fig. 1. Redox-states of metals: 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 - 0,0295'1gPH,; b — is described by the equation: 2H* +
2e=H, and Eh = 0,000 — 0,0591pH - 0,05911gPH,.

Redox-potentials of molybdenum(VI1) compounds reduction are described by the following equations:
MoO; + 6H"+ 3e = Mo** + 3H,0 (reaction 4)
Eh=0,317 - 0,1182pH — 0,05911g{M0>'}; E, ou -2 = + 81 mV

HMo0,* + 3H"+ 2e = = MoO, + 2H,0 (reaction 5)
Eh = 0,429 — 0,0886pH + 0,02951g{HM00O,}; E, pu=35 = — 14 mV

MoO,* + 4H"+ 2e = M0oO, + 2H,0 (reaction 6)
Eh = 0,606 — 0,1182pH + 0,029512{M004"}; Eo pr=7=—221 mV

MoO; + 4H"+ 4e = Mo°+ 2H,0 (reaction 7)
Eh=- 0,072 — 0,0591pH, E, PH=7)=— 486 mV

Redox-potentials of tungsten(VI1) compounds reduction correspond to the equations:
2WO; + 2H"+ 2e = W05 + H,0 (reaction 8)
Eh=— 0,029 - 0,0591pH, EO (PH=5—— 325 mV
2WO0,* + 6H"+ 2e = W,05 + 3H,0 (reaction 9)
Eh =0,801 - 0,1773pH + 0,05911g{WO,*}; E,pu-7=—440 mV.

Similar results are obtained for the reactions
of molybdenum(VI) compounds reduction. It is
theoretically possible to reduce molybdenum(VI)
compounds to molybdenum(lV) and molybde-
num(lll), because the potentials of these reactions
are within the limits of WTS (reactions 4, 5, 6).
However, the potential of reaction 7 is beyond the

WTS field. Therefore the reduction of molybde-
num(lV) by microorganisms is impossible.

In contrast to the possibility of microbial re-
duction of chromium(VI) and molybdenum(VI)
compounds, reduction of tungsten(V1) compounds
by microorganisms is thermodynamically prohi-
bited. For reactions 8 and 9, reduction potentials of
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tungsten(V1) are outside the limits of WTS.

The main task of thermodynamic prognosis
of microbial interaction with metals is the choice of
optimal reaction of metal reduction by microorgan-
isms, that ensures its rapid and effective removal
from industrial wastewater. That is why reactions
among those shown in Fig. 1 should be chosen to
serve the basis for development of environmental
biotechnologies.

Comparing reactions of chromium(VI) com-
pounds reduction, it is clear that only reaction 2
leads to complete removal of this toxic metal from
solution. Microorganisms can carry out this reac-
tion in a wide range of pH (from 5.5 to 14.0). The
reduced compound Cr(OH);-nH,0 has a product of
solubility 6.3-10"%, that indicates complete removal
of chromium from solution [10]. Obviously, reac-
tion 1 can not be used for sewage purification, be-
cause chromium(VI) in the form of bichromate is
reduced to a soluble cation Cr**at pH < 5.5.

Investigating microbial interaction with mo-
lybdenum(VI1) compounds it is clear that reactions 5
and 6 are suitable for the effective removal of this
metal from solution. The anions HMoO,*> and
MoO,” are reduced to completely insoluble MoO,
in the wide range of pH (from 2.7 to 14.0). Micro-
bial reduction of molybdenum(V1) in strongly acid-
ic conditions can not be applied in purifying bio-
technologies, as it leads to the formation of soluble
cation Mo*",

There is a thermodynamic prohibition on mi-
crobial reduction of both soluble and insoluble
compounds of tungsten(VI). Thus, for reduction

1 1,5H,=3H" + 3¢
> CrO, + (n-1)H,0+ 5H" +3e ==

Cr(OH)3'nH20

2 H,=2H"+ 2¢
> Mo0O,” + 4H*+ 2e = M0o0O, + 2H,0

3 H,=2H"+ 2¢
> 2WO0,% + 6H*+ 2e = W,0s + 3H,0

For the reaction of chromate reduction:

reactions of WO; and WO,* to W,0s, the value of
redox-potentials in a wide range of pH (from 2.0 to
9.0) is out of the limits of WTS. It follows that mi-
crobial reduction of tungsten(VI) compounds can
not be used to extract them from aqueous solutions,
in particular sewage.

The efficiency of metal reduction is propor-
tional to the potential difference between the two
systems: donor (redox-enzymes of microorganisms)
and acceptor (metals). Hence, it is clear that low-
potential redox-enzymes, in particular dehydroge-
nase, are the most effective reducers of metals-
oxidizers. For example, when cytochrome with the
redox potential of +300 mV [8] is donor system
potential difference between the cytochrome system
and chromate (+555 mV) is only 255 mV. If dehy-
drogenase (—414 mV) [8] is donor system potential
difference will be 969 mV in relation to chromate.
It is 3.8 times higher than that of cytochromes. That
is why, we considered dehydrogenase (-414 mV) to
be donor system prognosing microbial interaction
with metals and developing the theoretical founda-
tions for effective biotechnologies for extraction of
metals from wastewater. Thus, the next step was to
evaluate the effectiveness of such binary redox-
reactions.

According to potential difference of three
donor-acceptor reactions, it is clear that microbial
reduction of chromates will be the most effective
process. Reduction of molybdate will take place
with lower efficiency. Tungsten compounds will
not be reduced.

B'=—414mV b~ 960 mv
E,’ = + 555 mV
E,S =—414mV
AE,' = 193 mV
ES=—221 mV
E,S'=—414mV AE. = - 26 mV
E,' =— 440 mV

AGy = —n-F-AE, = —3:96,5- A(+0,555 — (~0,414)) = — 280,77 KJI/M.

Reducing of molybdate:

AGy=—n-F-AE, = —2:96,5- A(-0,221 — (-0,414)) = — 37,26 KJ/M.

For the binary redox-system "dehydrogenase-WQO,

" the free energy output acquires positive values:

AGy=—nF-AE, = —2:96,5- A(-0,440 — (-0,414)) = 5,02 kJ/M.
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The free energy output AG, is an integral in-
dicator of the efficiency of metal reduction in bi-
nary-redox reactions.

Estimation of values of free energy output al-
lows to determine the order of metal extraction in
case of simultaneous presence of several metals in
solution. For example, if CrO, and MoO,* are
present in sewage at the same time, microorganisms
will reduce chromate firstly. It is due to the fact that
reduction potential of chromate is at 776 mV great-
er than the one of molybdate. In addition, it is ob-
vious that reduction of low-potential molybdate
will require much more time than high-potential
chromate. It is important for practical application in
industrial biotechnologies, because presence of mo-
lybdate requires significant increase in retention
time of the wastewater in the treatment plant. Also
it is necessary to provide additional sources of car-
bon and energy required by microorganisms for the
two-phase reduction of metals. Indeed, firstly these
sources will be spent by microorganisms for rapid
reduction of chromate. Under these conditions, lack
of electron donors may occur to reduce molybdate
in the second phase. Therefore, additional sources
of electrons will be required after chromate reduc-
tion process is completed.

Such regularities allow to determine the stra-
tegic aspects of development of effective purifica-
tion biotechnologies. When soluble compounds (for
example, melasse) are used in the plant as the
source of carbon and energy the time of its loading
should be determined for effective reduction of mo-
lybdate in the second phase of purification. Howev-
er, alternative variant to provide microorganisms
with sources of carbon and energy is possible. For
example, application of natural insoluble polymeric
compounds that are easily assimilated by anaerobic
microorganisms (potato peelings of food industries,
etc.) is promising alternative direction. High con-
centration of such compounds will provide micro-
organisms with necessary energy, and their inso-
luble form will not lead to suppression of microbial
growth under the mechanism of concentration inhi-
bition.

Thermodynamic prognosis of microbial re-
duction of metals allows not only to achieve maxi-
mum effect of metal-containing wastewater purifi-
cation, but also to avoid extremely undesirable con-
sequences. For example, insoluble hydroxide
Cr(OH);nH,0 is formed during microbial reduc-
tion of chromate at pH > 5.5 (Fig. 1, reaction 2).
However, chromate is reduced to soluble cation
Cr® at lower pH values (Fig. 1, reaction 1). Conse-

guently, in case of medium acidification the ulti-
mate goal of microbial interaction with metals, re-
moval of toxic chromium from solution is not
achieved. Strong acidification of medium always
occurs during hydrogen fermentation of soluble
carbohydrates and their insoluble polymeric com-
pounds (starch, cellulose, etc.). In accordance with
the reaction of hydrogen fermentation of carbohy-
drates C¢H1,06 + 2H,O = 2CH;COOH + 4H, +
2CO, [11] the pH of medium may decrease to
3.0...4.0 [12]. In this case, the equilibrium of the
redox-reaction is obviously shifted toward the for-
mation of soluble Cr**. It should be noted that aci-
dification of medium occurs in the first phase of
fermentation (hydrolysis of polymers). Therefore, it
is necessary to provide continuous control of pH
and the possibility of its rapid correction in bio-
technologies.

Based on the literature data, physico-
chemical methods of transformation of metal com-
pounds are complex and costly [1-3]. Therefore,
methods of metal extraction from solutions by mi-
croorganisms are becoming especially topical now.
Application of microorganisms in treatment bio-
technologies is now restricted due to low metabolic
activity and viability. Increase the efficiency of the
process using genetically modified microorganisms
is limited by the lack of data on their behavior in
the environment. Application of purified enzymes
is perspective, but costly for large-scale implemen-
tation [3]. However, there is still need to investigate
genetic potential of microorganisms, biochemical
mechanisms and conditions of microbial reduction
of metals [13].

It should be emphasized that theoretical
thermodynamic calculations are essential for prac-
tical application. Thus, the rate and efficiency of
microbial reduction of metals is determined only by
the value of potential difference between donor and
acceptor systems. It follows that microbial reduc-
tion of metals is a non-specific process, that is, it
can be carried out by microorganisms that are not
adapted to toxic metals in high concentrations.

Sources of such microorganisms are anaerob-
ic microbial communities of natural ecosystems [5].
Its application avoids the problem of isolation of
specific metal-resistant microorganisms or en-
zymes [3].

Conclusions

There are necessary and sufficient require-
ments for the development of biotechnology for the
efficient removal of metals-oxidizers from industri-
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al wastewater. 1. Microorganisms of hydrogen fer-
mentation should be used for the most rapid and
effective extraction of chromate and molybdate
from sewage. They provide the greatest difference
of redox-potentials in the donor-acceptor system of
"microorganisms-metal”. 2. In order to ensure ef-
fective removal of chromate and molybdate, inso-
luble carbon and energy sources are required. Envi-
ronmentally hazardous rotten vegetables and food
waste can be used. Their application will ensure not
only extraction of toxic metals, but will also lead to

destruction of organic waste. 3. Optimal extraction
of metals takes place in neutral and slightly alkaline
conditions. Continuous control and correction of
pH is required in biotechnologies. 4. Reductive mi-
crobial transformation of metals can not be used to
extract tungstate.

Thus, thermodynamic prognosis is effective
method for developing novel environmental bio-
technologies for purification of environmentally
hazardous metal-containing wastewater and simul-
taneous treatment of organic waste.
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TEPMOAUHAMIYHE IPOI'HO3YBAHHA E®EKTHUBHOCTI BWJIYYEHHA 13 PO3YHUHY
TOKCHYHUX METAJIIB MIKPOOPT'AHI3BMAMM TA iX TEHETUYHUM NOTEHIIAJT

Mema. TepmonuHaMiuHe OOIPYHTYBaHHS HIISAXIB B3a€MO/Iii MIKpOOPraHi3MiB 3 METalaMH Ta pO3pOOKa TEOPETHUHHX
OCHOB HOBHX OIOTEXHOJIOTIM JUIS OUYMIIEHHS HPOMHCIOBHX CTIYHMX BOJ BiJl €KOJOTIYHO HEOE3NEeYHUX METaliB-
okrcroBauis (CrOs%, MoO4Z, WO4?). Memoou. TTons CTIHKOCTI CIONyK METAliB Y BOJAHAX PO3YMHAX Y KOOPIAMHATAX
pH-Ex Oy po3paxoBaHi, BHKOpHCTOBYIOUH KiacuyHi niarpamu [lypOe. EQexTHBHICTD BUITyYeHHS METANIB 3 PO3UHHIB
OIIiHIOBaJacs BIAMIOBIAHO 110 3MiHM BinbHOI eHeprii ['i06ca. Pezynsmamu. Ha 0CHOBI TepMOJMHAMIYHHX PO3pPaxXyHKIB
NOKa3aHO YMOBHU Ta €(peKTUBHICTh BUJIY4YEHHS MeTajiB MikpoopraHizmamu. Hait0inbi eeKkTHBHIM OYIJI0 BiJIHOBJICHHS
mikpooprasismamu CrO,> 1o Heposunuuoro rigpokcray Cr(IIl). JloqaTKoBi mKepena ByTIIeLio Ta eHeprii moTpiOHi wis
e(eKTUBHOTO BIJHOBIEHHS MoOJiOaaTy. BuiyuenHss Bonmb(pamy He Moxe OyTH 3IIHCHEHO MIKpoOpraHizMamu.
Bucnogxu. TepMmoauHaMiyHUH TPOTHO3 € e(heKTUBHUM METOJIOM JIsl PO3pOOKM HOBUX NMPHPOAOOXOPOHHHUX 010TEXHO-
JIOT1H JJIS1 OUMIIEHHS €KOJIOTTYHO HeOe3MeYHNX METAIOBMICHHUX CTIYHHMX BOJ Ta OJHOYACHOTO 3HEIIKOJKEHHS OpraHid-
HHUX BIIXOMIB.

Kniouosi cnosa: TepMOIMHAMIYHUNA ITPOTHO3, B3a€MO/IS MIKPOOPTaHi3MiB 3 MeTajlaM, eKCTPAKIIiSl METaJIiB, OUHMIIIEHHS
METAJOBMICHUX CTIYHUX BOJ, IIPHPOJOOXOPOHHI O10TEXHOJIOTI].
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