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The study’s aims were to isolate and establish pure cultures of prevailing microorganisms from the
aboriginal consortium in coal fly ash, describe their physiology, biochemistry and practically-useful
properties, and compare the efficiency of bioleaching metals from fly ash using pure cultures and the
consortium. Through enrichment cultures on standard media we isolated pure cultures of the
microorganisms which were then preliminarily identified using standard techniques. This allowed us to
isolate from fly coal ash pure cultures of three prevailing strains of mesophilic and moderately
thermophilic coal fly ash acidophilic chemolithotrophic bacteriae, belonging to Acidithiobacillus, such as
Acidithiobacillus ferrooxidans, and Sulfobacillus. The strains exhibited high oxidative activity in
leaching the rare metals Gallium and Germanium, as well as some heavy metals, from fly ash substrate.
A comparison of oxidative activity of the isolated strains and the aboriginal consortium under mesophilic
conditions led to the conclusion about advantage of consortium, because it had arisen from syntrophy of
microbes in the community. This should be taken into account at the developing of bacterial preparations
that are optimal for the technogenic substrate.
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leaching activity, Germanium.

Exhaustion of the world’s worth of mineral
resources and growing volumes of technogenic
wastes with complex, multicomponent contents
demand alternative technological solutions
for recycling. Energy industry wastes, such
as fly ash and slag from burning coals, are at
the same time dangerous to environment and
industrially significant, since they contain rare
metals. The most profitable and ecologically
sound method of their recycling is bio
hydrometallurgical. It uses oxidative activity
of microbes of the aboriginal consortium
shaped by the wastes’ deposition and storage
history [1-3]. Microbial biotechnology
should be based on research encompassing
biological and physicochemical properties of
the initial hard substrate and its aboriginal
microbial consortium, with subsequent
isolation, identification and selection of
the most promising highly active strains to
create an efficient bacterial preparation. We
established that during the process of ash
formation, impoundment and storage under
the influence of certain technogenic and
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native factors, a highly efficient and specific
consortium is formed, mostly by heterotrophic
and acidophilic chemolithotrophic bacteriae.
The highest leaching activity was shown when
rare metals from initial technogenic substrates
were leached by species of Acidithiobacillus and
Sulfobacillus [4—6].

The study’s goal was to isolate the prevailing
microorganisms from the coal fly ash (FAAC) of
industrial wastes into pure cultures, determine
their properties, and to compare the efficiency
of bioleaching metals from wastes using pure
isolates and the aboriginal consortium. It can
be considered as a continuation of our earlier
work concerning evaluating quantitative and
qualitative structure of microbiocenoses of
energy industry wastes [7].

Materials and Methods

The object of our research was fly ash
obtained by burning a mixture of native
fossil coals on DTEK thermal power station
in Ladyzhyn (Vinnytsia region, Ukraine). It



Experimental articles

contained (%): Fe — 5.93; Al — 3.89; Si —
12.10; Ti — 4.16; Ca — 0.20; Cu — 6.82-1073;
Zn — 3.27 -107%; Mn — 5.73 *107%; Pb —
1.09 107 Ni — 1.77 *107% Cd — 5.31-107%;
Sn —2.07°107% Cr — 2.18'10 %V —2.15:10%
Co —38.05107% Sr — 6.56°10 %, Ba — 6.34°17%;
Zr — 2.37-107%; Rb — 1.16:107%; Nb —
1.90°107% La — 4.20°107%; Ce — 7.40°10°%;
Ga — 1.02:107% Ge — 2.80°107%; S — 1.24;
C (underburning) — 9.98.

To obtain pure cultures of acidophilic
chemolithotrophic bacteriae we used
enrichment cultures on standard media
(Table 1), based on literature as well as our
own research which showed that in mineral
substrates of both geogenic and technogenic
origin, there are mesophilic and thermophilic
chemolithotrophic bacteriae and Sulfobacillus
sp. [3, 8-10]. As energy source, we amended
the mineral background with elemental sulfur,
its inorganic (sodium thiosulfate Na,S,05)
and organic (thio urea CS(NH,),) compounds,
or bivalent iron (FeSO,7H,0) [7, 9, 11, 12].
To a 50.0 cm?® Erlenmeyer flask we put 2.0 g
of fly ash and 20.0 cm? of a medium, ratio
1:10 (solid:liquid). The enrichment cultures
of mesophilic acidophilic chemolithotrophic
bacteriae were kept at 35.0%+2.0 °C,
moderately thermophilic — at 55.0+=2.0 °C and
Sulfobacillus sp. — at 45.0+2.0 °C for 7 days.
The microbes’ development was evaluated by
the change in the medium’s pH, appearance of
slight suspension and a film on the culture’s
surface.

The liquid, enriched with bacteriae, was
sown on agarized medium of the similar
composition, containing sulfur, thiosulfate,
thiourea or bivalent iron. The enrichment
cultures of Sulfobacilla sp. before resowing
were kept for ten minutes at 80.0+2.0 °C.
The process allowed to purify initial isolates
and to obtain microscopically and colonially
homogeneous cultures. Pure cultures on the
surface of selective agarized media established
colonies which could be readily analyzed.
Cultures were concluded to be free on the basis
of staining and microscopy. Microscopically
and morphologically pure cultures were
stained after Gram using standard dyes
(solutions of gentian violet, Lugol’s iodine,
and fuchsin), and also determined the range
and optimal values of temperature and pH,
ability to autotrophic and mixotrophic growth,
oxidation of different compounds of sulfur and
bivalent iron, reaction to organic matters, and
ability to bioleach metals from raw mineral
materials.

For the measure of biogeochemical activity
of isolated strains and FAAC we took the
concentration of metals which went into the
culture medium from the solid phase. The
degree of metal extraction calculated as the
ratio (%) of the amount of metal which entered
the solution as a result of the medium’s
contact with the substrate in the presence of
microorganisms, to the amount of the metal
in the initial solid substrate (100% stands for
all metal being dissolved). As the control, it

Table 1. Medium composition for acidophilic chemolithotrophic bacteriae

Concentration, g/dm3
Minerals
9K for Acidithiobacillus spp. Modified 9K* for Sulfobacillus spp.
NH,(SOy)s 3.0 0.45
KCl 0.1 0.05
Ko,HPO, 0.5 -
KH,PO, - 0.05
MgSO, 0.5 0.5
Ca(NO3), 0.01 0.014
NaySOy - 0.15
Yeast extract - 0.20
Energy source
NayS,05 5.0 -
SO 2.0 -
CS(NHoy), 4.8 -
FeSO, TH,0 44.5 30.0

Note. Here and hereafter 9K* stands for modified 9K medium for Sulfobacillus spp.
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was used the data obtained in sterile leaching
solutions of the media on autoclaved fly ash.

Morphology of cells and the colonies they
form were studied with light microscopy
(Primo Star PC, Germany) and electron
microscopy (PEM100-01, Ukraine). Biomass
growth was determined on a spectrophotometer
DR 3900 (Germany) at 540 nm wavelength. The
concentration of thiosulfate and the presence
of intermediate products of its oxidation
were measured by a standard iodometry
technique [13]. The concentration of metals in
solutions was determined by atomic absorption
spectroscopy (AAC-1, Germany and C-115PC
Selmi, Ukraine) [14]. The significance of the
results was evaluated using Student’s criterion
with P < 0.05.

Results and Discussion

As one culture can grow on media differing
in both contents and concentrations, primary
(initial) isolation of microorganisms using
various media can result only in groups of
bacteriae, not in pure species [10—12]. In our
experiments the development of enrichment
culture of mesophilic, moderately thermophilic
thionic bacteriae and sulfobacteriae was
accompanied by pH increasing (from 1.7 in

the beginning to 3.0—4.5) and a change in the
culture medium’s appearance.

As a result, we isolated from fly ash
into pure culture 25 strains of acidophilic
chemolithotrophic thionic bacteriae. Three
of them were selected for further work,
isolated on culture media 9K and 9K* with
FeSO,-TH,0 as an energy source. They
were numbered according to the conditions
of isolation: mesophilic — MesPhLad27,
moderately thermophilic — MThPhLad25,
sulfobacteriae — SBLad29. The properties of
the strains are listed in Table 2, their pictures
are given at Fig. 1 and 2.

The properties of strains MesPhLad27 and
MThPhLad25 revealed in them representatives
of Acidithiobacillus, while their ability to
oxidize bivalent iron, as long as other energy
sources, allowed us to tentatively identify
them as Acidithiobacillus ferrooxidans. The
moderately thermophilic strain SBLad29,
isolated and studied on 9K* medium at
45.0+2.0 °C, was similarly classified as Sulfo-
bacillus [15]. A definite conclusion about their
taxonomy would require a molecular-genetical
study.

Next, we compared the ability of the
isolated strains of acidophilic chemolitho-
trophic bacteriae and the aboriginal consortium

Fig. 2. Electron microphotographs: MesPhLad27 (a); MThPhLad25 (b); SBLad29 (¢). x11 000
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Table 2. Morphology of cells and cultures of bacterial strains isolated from fly ash

Properties

Isolated strains

MesPhLad27

MThPhLad25

SBLad29

Morphology, shape of cells

Small thin

Small thin

Small coccobacilli

Gram stainin

Gram-negative

Gram-negative

Gram-negative

Sporulation

Don’t sporulate

Don’t sporulate

Don’t sporulate

Morphology, shape

of colonies

Tear-shaped,
rounded, convex,

Tear-shaped, rounded,
convex, grainy,

Tear-shaped, rounded,
convex, grainy,

brig}lﬁ?;lgflow bright-yellow bright-yellow
Range 2.0-5.0 2.0-5.0 2.0-5.0
PH value
Optimal <2.0 <2.0 3.0
Temperature, Range 4.0-37.0 10.0-65.0 10.0-60.0
°C Optimal value 35.0+2.0 55.0+2.0 45.0+2.0
SO + + +
Na28203 + + +
Energy source
CS(NHy), + + 4
FeSO4 7TH,0 + + +
Degree of oxidation of
Na,S,03, % 47.0 86.0 88.0
Growth under mixotrophic conditions
Glucose + + +
In presence of
sugars (0.02%) Sucrose + + +
Molasses + + +
In presence of yeast extract
(0.02%) + + +
Growth on meat peptone agar - - -
Extraction of metals from fly ash + + +

to bioleach metals. The results are shown
on Fig. 3. The control for metal extraction
by strains MThPhLad25 and MesPhLad27
was sterile medium 9K with bivalent iron as
energy substrate at 55.0+2.0 °C (Control 1)
and 35.0=2.0 °C (Control 2), respectively,
for SBLad29 — sterile 9K* medium with
bivalent iron as energy source at 45.0+2.0 °C
(Control 3).

The data suggest a relatively high activity
of the isolated strains towards extraction
of Gallium (67.0-88.2% of extraction),
Germanium (75.0-98.8%), Cadmium
(563.5-72.1%), copper (87.7-98.8% ), nickel
(567.0-67.7%), and to a lesser degree — zinc,
lead and manganese. Strain MesPhLad27’s
bioleaching abilities towards the metals were
the least among the researched bacteriae.

Table 3 contains data on metal extraction
from the same substrate of fly ash by the FAAC.

The results suggest that as an association,
the mesophilic consortium of acidophilic
chemolithotrophic bacteria is more efficient
than just the isolated strain MesPhLad27.

This might be a result of common for
microorganisms syntrophic relationships, e.g.,
the substrates might be destroyed by certain
bacteriae, without which other bacteriae’s
action upon them is impossible or substantially
slower. Thus, the authors of [8] suppose
that Acidithiobacillus thiooxidans, which is
often present together with Acidithiobacillus
ferrooxidans, due to a more rapid oxidation
of sulfur under a non-direct mechanism
of bioleaching create favorable conditions
for the growth of iron-oxidizing bacteriae.
Therefore, the cycle of substrate oxidation
runs significantly faster and more efficient:

MeS + Fe,(S0,); — MeSO, + 2FeSO, + S°

28° + 30, + 2H,0 — (bacteriae) —» H,S0,.
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Fig. 3. Degree of extraction (% ) of metals from fly ash by strains, isolated from aboriginal association
* — P < 0.05 compared to the control

Table 3. Degree of metal extraction from fly ash by the aboriginal consortium
of chemolithotrophic bacteriae (%)

Mesophilic consortium of Moderately thermophilic consorrtium of acidophilic
Metals acidophilic chemolithotrophic bacteriae chemolithotrophic bacteriae
9K medium 9K medium 9K* medium
Ge 99.76 99.98 99.82
Ga 94.92 82.75 95.75
Ni 76.64 84.94 87.63
Cd 99.99 69.95 92.35
Cu 89.54 69.37 16.54
Zn 20.22 20.82 5.92
Mn 37.75 47.85 98.52
Pb 35.67 19.34 22.46

‘When we compared the bioleaching activity
of moderately thermophilic consortium of
acidophilic chemolithotrophic bacteriae
and of the isolated strains of MThPhLad25
and SBLad29 we didn’t observe a general
tendency in favor of syntrophic relationships
of microorganisms in association.
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On the whole, our work on pure cultures
of microorganisms from FAAC allowed
us to isolate three prevailing strains of
mesophilic and moderately thermophilic
acidophilic chemolithotrophic bacteriae
which we identified as belonging to the
genus Acidithiobacillus, in particular
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Acidithiobacillus ferrooxidans, and
Sulfobacillus. All isolated strains were
characterized by high bioleaching activity
towards rare metals Gallium and Germanium,
as well as some heavy metals from the studied
technogenic substrate. A comparison of
activity of the isolated strains and the FAAC
under mesophilic conditions provides support
for the consortium being a result of syntrophy
between microbes in the community.
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Mertoto po6oTu 6yJI0 BUAIJIEHHS JOMiHYIOUNX
YUCTUX KYJbTYP MiKPOOPTaHi3MiB 3 aOOpUTeH-
HOTO YI'PYIOBAaHHSA 30JIM-BUHOCY BiJ criajiloBaH-
HSA BYTiJJISA, BCTAaHOBJIEHHS IXHiX BJIaCTUBOCTEIH,
NOPiBHAHHA e(eKTUBHOCTI 6iOBUIYTrOoByBaH-
HA MeTaJiB i3 30JAM-BUHOCY 3 BUKOPUCTAHHAM
YNCTUX KYJBTYP Ta abOpPUTeHHOTO yrpymo-
BaHHA. MeTOIOM HAKONMUUYYBAJIBHUX KYJIBTYD
i3 BacToCyBaHHAM CTAHAAPTHUX KUBUIbHUX
cepeloBUIN BUIiJIEHO YUCTiI KYyJbTYPU MiKpo-
oprauisamiB, a cTaHgapTHUMHU MiKpobioJsoriu-
HUMU METOJaMU BCTAaHOBJIEHO iX Iepepbauysa-
HY TaKCOHOMIUHY HaJIeXXHicTh. ¥ pe3yJbTari 3
abOpUTeHHOr0 YyIPYIIOBAHHS MiKpoopraHismis
30JIM-BUHOCY B YHCTi KYJbTYPU BUAIJIEHO TPU
IOMiHYIOUMX IIITaMU Me30(hiJlbHMX i TOMipHO
TepMO(DiTbHUX anuAOPIIBHUX XeMOJiTOTPO(-
HuX 0aKTepiil i BCTAHOBJIEHO iX HaJEXKHICTh I0
npeacTaBHUKIB pony Acidithiobacillus, 30Kpe-
ma Acidithiobacillus ferrooxidans, a TaxkoX
Sulfobacillus. 1Ii mramMu BigsHavagaucs BUCO-
KOI0 OKMCHIOBAJIbHOIO aKTUBHICTIO CTOCOBHO BH-
JIy4eHHdA PiIKicHUX MeTaJiB rajiio i repmaniro,
a TAKOK JeAKUX BaKKUX MeTaJiB i3 cybcTpary
30yin-BUHOCY. IIOpiBHAHHA OKMCHIOBAJIBHOI aK-
THBHOCTI BHUAiJIeHUX HITaMiB i a6OpUTeHHOTO
YyIrpyIIOBaHHA B Me30(iJIbHUX YMOBaX CBiTUUTH
Ha KOPUCTH KOHCOPIiyMYy AK Pe3yJbTaTy CUH-
TpoHUX BifHOCUH MiKpoopraHiamiB B yrpy-
noBaHHi. Ile ciaixg BpaxoByBaTu IpPU CTBODPEH-
Hi ONTUMaJBbHOTO AJIA JAaHOTO TeXHOTEHHOTO
cyocTpary edpeKTUBHOTO OaKTepiaJlbHOTO Ipe-
mapary.

Knwuoei crosa: 30ma-BUHOC, aboOpUreHHE YIPY-

TIOBaHHS, aliuA0PiabHI XemMomiToTpodHi 6aKTepii,
aKTUBHICTH BUJIYyTOBYBaHHA, TepMaHiii.
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ITennbio paboTHI OBIIO BBIAEIEHUE TOMUHUDY-
IOIUX YUCTHIX KYJbTYP MUKPOOPTaHU3MOB U3
abopUTeHHOTO0 CO00IIecTBa 30JLI-YHOCA OT CIKU-
rauus yrJjsi, yCTAHOBJIEHUE UX CBOWCTB, CPaB-
HeHre 5(PpPEeKTUBHOCTH OMOBLIIEJAaUYNBAHUA
MEeTaJIJIOB M3 30JIbI-YHOCA MIPU MCIIOJIb30BaAHUU
YHUCTBHIX KYJIBTYP U a0OPUTEHHOTO COOOIIecTBa.
MeTonoM HAKOTIUTEIbHBIX KYJABTYP C UCIOJIb30-
BaHUEM CTAaHIAPTHBIX MUTATEIbHBIX Cpel ObLIN
BBIJI€JIEHBI UHCThI€ KYJAbTYPhl MUKPOOPTraHU3-
MOB, & CTAaHIAPTHBIMU MHUKPOOUOJOTUUYECKUMU
MeTOoJaMU oIIpefeseHa uX mpeanoaraeMas Tak-
cOHOMMUUYECKAasa IPUHALIEKHOCTh. B pesyabraTe
u3 abopUTeHHOT0 CO00IIecTBa MUKPOOPTaHU3-
MOB 30JIbI-YHOCA B YMCTHIE KYJIbTYPHI BbIAEJIEHbBI
TPU OOMUHUDPYIOIIUX IITaMMa Me30(hUIbHBIX
U YyMEepPeHHO TepMO(pHUJIBbHBIX alULOPUIbHBIX
XeMOJUTOTPOPHBIX OGaKTepUN W ycTaHOBJIeHA
UX TMPUHALIEKHOCTh, K IIPEICTAaBUTENIM POIa
Acidithiobacillus, B uactuoctu Acidithiobacillus
ferrooxidans, a raxxe Sulfobacillus. 9tu
MITaMMBbI OTJIHNYAJINCh BBICOKOW OKMCJIUTEIbHOMI
AKTHUBHOCTBHIO 10 OTHOINEHUIO K H3BJIEUYEHUIO
PeIKUX MEeTAaJIJIOB TraJlIus U TepMaHusd, a TaKiKe
HEKOTOPBIX TSXKEJLIX MeTaJlJIOB U3 cybcTpara
30JbI-yHOCa. CpaBHEHME OKUCIUTEIbLHON aKTUB-
HOCTHU BBIJIEJIEHHBIX IIITAMMOB U aB60pPUTEHHOTO
coob1rectBa B Me30(UIbHBIX YCIOBUAX CBUJE-
TEJIbCTBYET B II0JIb3Y KOHCOPIIUYMAa KaK Pes3yJib-
TaTa CUHTPOMPHBIX OTHOIIEHU MUKPOOPTaHU3-
MOB B COODII[eCTBe. ITO CIEAYET YUUTHIBATD DU
CO3aHUU OIMTHUMAJBHOTO AJISI JaHHOTO TEXHO-
reHHOro cyocrpaTa 3)(PeKTUBHOrO DaAKTepHuaib-
HOTI'0 IIperapara.

Knwouesnvle cnosa: 3ona-yHoc, abopureHHoe cooo-
IIeCTBO, allUA0(PUIbLHbIE XeMOJIUTOTPO(MHBIE OaK-
TepUU, aKTUBHOCTD BBIIEJaUNBAHUSA, T€PMaHUM.





