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Abstract: The study is focused on better understanding of bacterial activity in biological-chemical leaching in soil
remediation process. The heterotrophic bacteria isolated from the contaminated soil from the locality Richnava
(Eastern Slovakia) showed good resistance towards As, in both experiments with bacterial growth on solid nutrient
media (agar plates), as well as in liquid nutrient media (glass tubes), especially to molarity of 0.3 mM As. Even
though the toxic character of elements presented in studied soil was not proven by the method of Toxic Charac-
teristic of Leaching Process (TCLP), the microbiological study pointed at the bacterial activity in disruption of
bounds between the mineral grains and toxic elements, especially of As bounded on Fe coatings of mineral grains.
That was confirmed by changes of mineral grains surface observed by optical and scanning electron microsco-
py. The Simple Bioavailability Extraction Test (SBET) pointed at the bacteria influence in biological-chemical
leaching of the soil, where bioassessment of studied toxic elements decreased after the soil treatment, except of
Fe and As. The results from the sequential extraction analyses showed the decrease of As content in the residual
fraction as well, contrary to the other toxic elements, after the biological-chemical leaching and its increase in the

bioavailable fractions.

Key words: contaminated soil, sequence extraction analysis, bacteria resistance

Cultivation of heterotrophic bacteria on agar plates

Graphical abstract

1. Introduction

Soil contamination by toxic elements is one of the main
environmental problem in the world. An international
trend of enforcing more stringent legislation on landfill
disposal, e.g. European Union Landfill Directive (Council
of the European Union 1999), has prompted a strong
drive on the land remediation industries to develop
remedial technologies for sustainable resource recycling/
conservation (Tsang & Yip, 2014).

Heavy metals are natural elements, in their basic
level being just atoms. That is why their degradation
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» Heterotrophic indigenous bacteria showed good re-
sistance towards As.

 Biological-chemical leaching decreased the content
of As in the residual, non-biodegradable, fraction of
the contaminated soil.

Highlights

» Repeating of cycles of chemical and biological-che-
mical leaching is promising way for the soil reme-
diation.

and metabolism is not possible. Instead, microorganisms
have evolved coping strategies to either transform the
element to a less-harmful form or bind the metal intra- or
extracellularly, thereby preventing any harmful interactions
in the bacterial cell. Plus, they are able to actively transport
the metal out of the cell cytosol (Nwagwu et al., 2017).
The bioleaching process can be a promising alternative
technology for heavy metal polluted soils remediation
due to the simplicity of the operation, low costs and eco-
friendliness. Certain types of bacteria have been used in
remediation processes of contaminated soil for decades
due to their capacity to detoxify certain heavy metals,
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their high surface area to volume ratio, and their capacity
to promote plant growth and metal accumulation on plant
tissues (Pires et al., 2017). Soil bacteria communities play
an important role in nutrient cycling, plant symbioses,
decomposition, and other ecosystem processes. Selection
of the proper microbial agent is one of the most critical
steps in order to remove heavy metal from the soil (Xu et
al., 2020).

Microbes deal with poisonous chemicals by applying
enzymes to convert one chemical into another form and
taking energy or utilizable matter from this process.
Despite its toxicity, the ancient and constant exposure of
bacteria to arsenic has led to the microbe colonization of
arsenic-rich environments throughout the development
of metabolism coupled biotransformation processes, i.e.
reduction, oxidation, that affects geochemistry, speciation
and toxicity of this element. Due to the ability of bacteria
to metabolize highly toxic arsenic compounds into a less
toxic form, the isolation and study of arsenic resistant
bacteria is attractive for the establishment of processes to
ameliorate the bioavailability of arsenic in contaminated
soil and water (Alaniz-Andrade et al., 2017).

Bioaccumulation mainly involves the biosorption or
physiological uptake of arsenic by microbial metabolically
active and passive processes. Microbial-mediated arsenic
reactions may occur thereafter, which is part of the most
important phenomena involved in arsenic metabolism.
Because of its high efficiency, low cost, and most
importantly its eco-friendly nature, bioaccumulation
presents an interesting option for the removal and recovery
of arsenic from the contaminated environments (Pandey &
Bhatt, 2015).

This research study deals with the explaining of the
bacterial contribution in the soil leaching and continues
on the results from the research of contaminated soil
bioleaching published by Styriakova et al. (2019). The
resistance of heterotrophic autochthonous bacteria isolated
from the contaminated soil towards the As was studied.
The toxic characteristic of leaching process, bioassessment
of studied toxic elements as well as sequential extraction
analyses were provided to evaluate the influence of
bacteria onto toxic elements leaching. The experimental
results were completed by the electron microanalyses.

2.  Materials and Methods

2.1. Soil sample

The soil sample was taken from the Richnava locality
(denoted as R1). The sampling site was a garden often
flooded by the Hornad river. The river was polluted
because flowing through the localities, heavy loaded with
products of anthropogenic activities — especially mining
and metallurgical industry. The soil was sieved to grain
size below 4 mm. The oversized product consisted of
anthropogenic sludge and larger rock grains. The grains
below 4 mm were used for experimental purposes.
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According to the XRD analysis the main mineral phase
of studied soil was quartz, creating more than 70 %, than
siderite and Mg-siderite (12 %). Other minor phases
were plagioclase (4.3 %), muscovite (2.4 %), K-feldspar
and chlorite (both approximately 1 %), calcite (1.8 %),
dolomite (1.4 %) and barite, hematite and illite (below
1.0 %) (Styriakova et al., 2019).

2.3. Microbiological analysis of soil

Microbiological analyses were performed with the
aim to determine the count of heterotrophic bacteria
in contaminated soil that are tolerant towards high
concentration of toxic As. The resistance of heterotrophic
bacteria isolated from the contaminated soil towards As
was tested by bacterial cultivation on the solid nutrient
media — agar plates (Trypton soya agar — TSA) and in
the liquid nutrient media TSB (Trypton-soya broth) with
the addition of 0.3 mM and 3 mM As respectively. The
bacterial turbidity was determined using the McFarland
standard (2002).

McFarland standard is a chemical solution of barium
chloride and sulphuric acid. The result of the chemical
reaction is a fine precipitate of barium sulphide. After the
suspension shaking its turbidity is visually comparable
with the bacterial suspension of known concentration. The
degree of turbidity is in the range of 0.5—10 and represents
the different bacterial density, count of bacterial cells
(Tab. 1). The measured value of absorbance corresponds
with the particular value of McFarland standard. On this
basis it is possible to determine the approximated count of
bacterial cells for each sample.

Tab. 1
McFarland standard for determination of count of bacterial cell
in media in dependence on measured value of absorbance.

McFarland Grown bacterial cells
standard Absorbance [ml]
0.5 0.125 1.5 x 108
1 0.25 3.0x 108
2 0.5 6.0 x 108
3 0.75 9.0x 108
4 1 1.2 x 109
5 1.25 1.5x 109
6 1.5 1.8 x 109
7 1.75 2.1 x 109
8 2 2.4x 109
9 2.25 2.7x 109
10 2.5 3x109

The value of absorbance of media was measured
in selected time intervals by UV VIS spectrometer
Spectroquant Pharo 300 (Merck, Germany) at wavelength
of 540 nm. As the blank control the uninoculated TSB
medium was used.
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2.3. Chemical and biological chemical leaching of

soil

According to the method of soil remediation published
by Styriakova et al. (2019), the studied sample was
leached in three steps. Through the glass column of
80 mm in diameter and 340 mm high containing 1 kg
of the contaminated soil percolated with 2 1 of media
containing 10 mM Ethylenediaminetetraacetic acid
disodium salt dihydrate (Na,EDTA, denotes as chelant
chl). Subsequently, 1.5 I of medium with Ethylenediamine-
N,N'-disuccinic acid trisodium salt (Na,EDDS, denoted as
chelant ch2) percolated through the glass bottle containing
800 g of chemically leached soil. After that 700 g of
as-treated soil was bioleached using 3 | of media with
2 mM chelant chl and nutrients.

For the bioleaching experiments the heterotrophic
bacteria Bacillus spp. isolated from the sediment of water
dam Ruzin were used. The samples were heated at 80 °C
for 15 min to kill vegetative cells. The sediment contained
the spore-forming bacteria at a concentration of 105 CFU/g
active in Fe dissolution (Styriakova et al., 2016). The
isolates were grown in Trypton soya broth at 28 °C for
18 h. Following the cells were centrifuged at 4 000 rpm
for 15 min and washed twice with the saline solution
(0.9 wt % NaCl). These bacteria were inoculated into the
parallel columns before the medium percolation (to ensure
the activity of autochthonous bacteria). The stimulation
of indigenous heterotrophic bacteria using nutrients in
the form of fertilizers verified the mobilization of toxic
elements from the soil samples.

2.4. Toxicity and bioassessment of soil

Soil toxicity was determined using Toxic Characteristic
of Leaching Process (TCLP) according to the US EPA
1311 method (Khorasanipour & Eslami, 2014). The soil
sample of 50 grams was treated by solution of 1 N NaOH
and vinegar acid of pH 4.2 for 18 hours under the vigorous
stirring.  The permissible concentration of elements
extracted from the soil or waste are listed in Tab. 2. The
limits are supplemented by values according to the solid-
waste extraction procedure for leaching toxicity HJ/T
300-2007 (IEPT) (Xu et al., 2019).

Tab. 2
TCLP and IEPT limits.

Cu Pb Zn As Ba Cd Cr
TCLP limit
el - 5 - s | 100 | 1 5
[EPT so | 3 | so | 1s| - o3| 10
[mg/1]

The bioassessment of the toxic elements present in the
contaminated soil was tested by Simple Bioavailability
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Extraction Test (SBET). The soil sample of 5 grams was
treated by solution of 0.4 M glycine of pH 1.5 (adjusted by
HCI) under the vigorous stirring for 1 hour at 37 °C (Report
No.: 1542820-003-R-Rev0, 2016; Kim et al., 2009).

2.5. Sequential extraction analysis of soil

The as-received soil sample, chemically leached
samples by chelants chl, ch2 and biological-chemical
leached sample were subjected to sequential extraction
analysis with the aim to determine the content of toxic
elements in biologically available and unavailable
fractions. The sequential extraction analysis was provided
according to the method described by Mackovych et al.
(2000).

2.6. Optical and electron microscopy, electron
microanalysis

The changes of separated grains after the biological-
chemical leaching were observed by binocular optic
microscope with camera Nicon P-FMD (Japan).

The particular soil grains were observed by electron
micro analyzer CAMECA SX-100, providing the point
chemical analyses, line profiles, RTG quantitative and
qualitative maps, backscattered electron (BEI) and
secondary electron (SEI) images.

More detailed study of morphology and grain surface
were studied by scanning electron microscopy FE MIRA
3 (Tescan, Czech Republic) equipped by XRD energy-
dispersive (EDX) analyser of chemical composition
(Oxford Instruments).

3.  Results
3.1. Microbiological analysis of soil

The detailed chemical and mineralogical analysis of the
soil sample R1 was described by Styriakova et al. (2019).
The contamination by studied toxic elements decreased,
according to the contamination criteria, in order Ba >
As > Sb > Cu (Tab. 3). Also, the plants growing in this
locality showed the presence of higher As concentrations
(Styriakova et al., 2019).

Tab. 3
Concentration of studied elements present in the contaminated
soil.
RI As | Sb | Ba | Cu [ Zn | Pb | Ni | Cd | Hg
/el | 364 | 61 |3303| 692 | 541 | 143 | 86 | 1 | 31
IT 1 65 | 25 | 900 | 500 [1500] 250 | 180 | 10 | 2.5
[mg/g]
ID
70 | 40 |1000| 600 [2500| 300 | 250 | 20 | 10
[mg/g]

ID — Permissible limit of contaminant concentration in soils
IT — Critical limit of contaminant concentration in soils
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expressive bacterial growth was observed in
the glass tubes with the As addition. After
43 hours the stagnation of growth can be
observed for all tubes and after 48 hours
the slight decrease was detected. While the
measured values of absorbance were similar
for TSB and TSB with 0.3 mM As, the highest
values were obtained for TSB with 3 mM As
(Fig. 2).

The bacterial growth in flasks was of
jump character. After 27 hours the slight
increase was observed for all samples. More

TSA

TSA+ 0.3 mM As

TSA+3 mM As

expressive increase was detected after 50

Fig. 1. Comparison of heterotrophic bacteria cultivation on agar plates (TSA),

and on plates with addition of As.

High concentration of As should
be released from the soil matrix by the
biological-chemical processes and lead to
gradual contamination of plants and. From
this reason the microbiological analyses
were performed with the aim to determine
the count of the heterotrophic bacteria in
contaminated soil that are tolerant towards
high concentration of toxic As.

The highest resistance towards As was
observed for the TSA medium with 0.3 mM
As, 1.3 x 10* colony forming unit (cfu/g).
For the TSA with 3mM As the bacteria
growth reached 1.1 x 10* cfu/g (Fig. 1). The
resistance of bacteria does not correspond
with the As concentration in the soil sample.
It is influenced by the soil utilization for
agriculture, behind with the continuous
supply of organic matter and biogenic
elements in the form of fertilizer relates.

The experiments in TSB were performed
in the glass tubes containing nutrient
medium and in the glass reagent flasks
containing nutrient medium with 5 g of
contaminated soil.

During the whole experiment more
prominent bacterial growth was observed in
the flasks. The values of absorbance reached
higher values (higher medium turbidity).
The available nutrients for bacteria growth
in flasks were provided not only from the
TSB media but also from the present soil.
The process was finished after 90 hours with
higher bacteria growth. In the glass tubes,
the experiment was finished earlier, after 70
hours.

hours and after 69 hours the slowing down
of the growth occurred (Fig. 3). In the first
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Fig. 2. Comparison of growth of bacteria isolated from the contaminated soil in
glass tubes containing TSB and TSB with addition of 0.3 and 3 mM As by absor-
bance measuring using UV VIS spectrometer.
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Fig. 3. Comparison of growth of bacteria isolated from the contaminated soil in
glass flasks containing soil and TSB and TSB with addition of 0.3 and 3 mM As by
absorbance measuring using UV VIS spectrometer.
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hours of experiment the more expressive increase was
observed for flask contained TSB with 0.3 mM As what
also corresponds with the results obtained from the
experiments of isolated bacteria growth provided on agar
plates. For all studied media the maximum bacteria growth
was reached after 43 hours and was in the range 6 x 103— 9
x 108 cfu/ml.
In flasks the highest value of absorbance

bioassessment of Cu, Pb, Zn, Mn, Ba and Sr (Fig. 5). On
the other hand, the bioassessment of Fe and As increased,
probably due to the disruption of their bounds in the struc-
ture of leached mineral grains. This result pointed at the
further possibility of As extraction by the process of acid
leaching (pH lower than 2), that should be effective in As
concentration, lowering in the soil up to limited values.

Fe/R1L: 38.8 mg/|

was measured after 69 hours and it was

higher than 2.7, what represents more than 3 o
x 10° cfu/ml. The mineral particles present in 12
the soil are a source of biogenic elements that %
stimulate bacterial metabolism, reproduction E£10 r
and growth. Thus the growth of the resistant | § o |
bacterial cells was higher in the flask thanin | @

the tubes containing only the TSB medium. E 6 r
In this case it is not possible to determine § 4 |
the count of bacterial cell by the McFarland |
standard. More appropriate method is direct 2 L
counting under the microscope in Burker

chamber. From the reason of unavailable 0
device equipment this method was not applied cu
to evaluate the measurements of absorbance.

Pb Zn Fe Mn Ni As Sb Ba G Co Sr

R1 FR1L

Fig. 5. Concentrations of studied toxic elements in leachates after the SBET test

3.2. Toxic characteristics and bioasses-
sment of soil

The TCLP test was applied on leaching of the as-
received soil (R1) and soil after the biological-chemical
leaching (R1 L). Except the Ba, higher concentrations of
studied elements were released from the R1 L sample, but
they were under the limited values according to the TCLP
and IEPT limits (Fig. 4).

applied on as-received and biological-chemical leached soil sample.

3.3. Sequential extraction analysis

To explain the effect of combined three step chemical
and biological-chemical leaching on soil decontamination,
the sequential extraction analysis was provided.

The fractions (1) to (4) represent the forms of risk
chemical elements that are available for organisms in

their living environment and they are the most

Concentration (mg/l)

Cu Pb Zn Fe

ER1 ERIL

Mn  Ni As Sb Ba Cd Co

hazardous for their contamination. The used
reagents imitate the nature processes of liberation
of elements from the primary bounds into the
solutions and their recombination into secondary
minerals. The fraction (1) is soluble in water, (2)
exchangeable and/or carbonate, (3) reducible, and
(4) oxidizable/organo-sulfide. The fraction (5)
representing residual, encompasses the elements
in form of no real risk for organisms present in
given environment.

In the R1 sample the content of Cu (49.2 %),
Pb (85.1 %), Zn (40.3 %) and Co (33.0 %) was
the highest in the reducible fraction, content of Ni
(51.1 %), As (52.0 %), Sb (92.0 %), Ba (65.5 %)

Sr

Fig. 4. Concentrations of studied toxic elements in leachates after the TCLP
test applied on as-received and biological-chemical leached soil sample.

According to the results of the SBET test, the biologi-
cal-chemical leaching of the sample led to the decrease of
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and Cr (77.6 %) in the residual fraction and Hg
(93.8 %) in the organo-sulfide fraction (Fig. 6).
After the chemical leaching by chelant chl, the
highest ratio of Pb (78.6 %), Zn (40.2 %) and Co (26.1 %)
was still in the reducible fraction (the same ratio of Co
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Fig. 6. Content of
studied toxic ele-
ments in the frac-
tions of sequential
leachate as recei-
ved in soil, soil
after chemical
(R1chl, RIlch2)
and and biologi-
cal-chemical le-
aching (RIBL).
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also in residual), but their content decreased after chemical
leaching in behalf of water soluble fraction (Pb, Zn, Co),
ion exchangeable and carbonate fraction (Pb) and organo-
sulfide (Pb, Zn) fraction. For Cu the increase of its content
in the fractions (1), (4) and (5) was observed. The highest
ratio of Cu was in the organo-sulfide fraction. The
chemical leaching by chelant chl also led to increase of
content of Ni, Ba and Cr in the fractions (1), (2) and (3),
of As in (1) and (2), of Sb, Co in the fraction (1). Also, the
ratio of As and Co was increased in the reducible fraction,
As for more than 5 % and Co 0.5 % (Fig. 6).

After the chemical leaching by chelant ch2 the
highest content of Cu (39.5 %) and Hg (95.3 %) stayed
in the organo-sulfide fraction, Pb (78.6 %), Zn (40.1 %)
and Ni (45.9 %) in the reducible fraction and As, Sb,
Ba, Co and Cr in the residual fraction. For all studied
toxic elements, except of Ni and As, the increase of their
concentrations in the residual fraction was observed (for
Ba of 7.39 %). The content of Cu increased in the fractions
(1) and (4), Pb in (2), Zn in (4), Ni, Co in the fractions (3)
and (4), As and Cr in the fraction (3) (Fig. 6).

After the biological-chemical leaching the highest ratio
of Cu (37.3 %) and Hg (97.0 %) was again in the organo-
sulfide fraction, content of Pb (82.4 %) and Zn (36.7 %)
in the reducible fraction and other studied elements in
the residual fraction. In comparing with Rlch2, the
concentration of Cu, Pb, As, Sb and Hg decreased in the
biologically unavailable fraction. The most significant
decrease was observed for As (of 11.5 %) in behalf of
fractions (1), (2) and (3) (Fig. 6).

From these results it can be concluded that the
repeated chemical and biological-chemical leaching of
contaminated soil should lead to more expressive decrease
of As, but also of Cu, Pb and Sb concentrations in the
studied soil.

3.4. Optical and electron microscopy, electron
microanalysis

Grain body was composed mostly of aluminosilicates
with different content of Fe with admixture of quartz,
feldspars, chlorite, siderite, and also with minor ratio of
apatite and rutile (Styriakova et al., 2019).

Disrupted structure of Fe coatings was observed on
the marginal sites of grains after the biological-chemical
leaching. The heterotrophic bacteria used in the leaching
process are able to disrupt a less resistant structure of Fe
oxides and hydroxides. The point analysis in the sites
with higher content of Fe did not show and presence of
significant content of As and other studied toxic elements
(Fig. 7, Tab. 4). This pointed at their effective removal
from the grain surface by biological-chemical leaching.
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Fig. 7. BSE image of separated grain (11R) with the marked pla-
ce of point EDX analysis.

e

Fig. 8. Separated grain 7R (left) and grain after the biologi-
cal-chemical leaching (right) observed by optical microscope.

The disruption of less resistant forms of Fe oxides and
hydroxides were also observed by optic microscope. The
surface of separated grain 7R after the biological-chemical
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leaching changed visibly (Fig. 8). The application of
heterotrophic bacteria caused the Fe dissolution from the
structure, with which the As removal (and other toxic
elements bounded in Fe coatings) is expected as well.

Tab. 4
Point analysis of separated grain from the Figure 7.

Cu, Ni

Na 9 9

11R . > | Zn, Pb,
wt. % Fe | Mn | Si Al [ Mg (i(a, Co, Cr, 0, ost.

Sb, As
anl [25.18]0.01 (10.75| 5.39 [ 0.97 | 1.14 0.08 56.48
an2 | 27.95(0.08 [ 2.94 [ 9.42 | 5.03 | 0.40 0.38 53.80

Detailed morphology of surface of separated grain
7R after the leaching was observed by scanning electron
microscope. The mentioned surface structure disruption
was observed as a presence of expressive pores on the
grain surface (Fig. 9). More resistant forms of Fe oxides
were observed in the form of spherical particles created
agglomerates on the grain surface (Fig. 10).

WD: 8.68 mm
Det: SE
Date(m/d/y): 02/26/20

SEM HV: 20.0 kV MIRA3 TESCAN
View field: 395 ym

SEM MAG: 700 x

| |

100 pm

Performance In nanospace

Fig. 9. Morphology of the surface of separated grain 7R after the
biological-chemical leaching at magnification 700x.

Chemical analysis of separated grain 7R by EDX
confirmed the presence of basic structural elements of
matrix, as well as Fe particles on its surface (Fig. 11). The
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presence of As or other toxic elements was not detected,
what corresponds with the results from the electron
microanalysis (Fig. 12).

The using of three different microscopic methods to
analyse the separated grains allows to confirm the effect
of biological-chemical leaching on toxic elements removal
from the contaminated soil, especially As.

)
MIRA3 TESCAN|

SEM HV: 20.0 kV WD: 8.75 mm
View field: 138 pm Det: SE
SEM MAG: 2.00 kx | Date(m/d/y): 02/26/20

20 pm
Performance in nanospace

Fig. 10. Morphology of the surface of separated grain 7R after
the biological-chemical leaching at magnification 2 000x.

4. Conclusion

The study was focused on more detailed characterization
of the bacterial influence on the toxic elements leaching
from the contaminated soil. The analysed toxic elements
did not show expressive toxic character. On the other hand,
the studied soil was often fertilized, what represents good
conditions for bacteria activities in disruption of bonds
between the minerals and toxic elements in the soil after
the nutrient supply. Also, they showed good resistance
onto As in their environment. The series of experiments
were carried out in order to study the bioavailability of
toxic elements in contaminated and treated soil. The
bioavailability of Cu, Pb, Zn, Mn, Ba, Co and Sr decreased
after the soil treatment, but the bioavailability of Fe and As
increased. Also, the sequential extraction analyses pointed
at the decrease of As content in the residual fraction after
the biological-chemical leaching. The results presented in
the study confirmed the possibility of soil decontamination
by repeated cycles of chemical and biological-chemical
leaching, what is promising way for the soil remediation
with regard to the natural environment.
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Fig. 11. EDX analysis of surface of separated grain 7R after the biological-chemical
leaching in mapping mode with the datailed images of analysed structural elements of
matrix and resistant Fe coatings on the grain surface.
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Vplyv baktérii na lahovanie toxickych prvkov
z kontaminovanej pody

Ciel'om $tudie bolo blizSie charakterizovat’ vplyv bak-
térii na uvolnovanie toxickych prvkov z kontaminovanej
pody v procese biologicko-chemického lihovania. Expe-
rimenty sa realizovali na vzorke pody z lokality Richnava.
Vzorka pddy R1 pochadzala z oblasti kontaminovanej na-
nosmi rieky Hornad, ktora preteka lokalitami zatazenymi
metalurgickym priemyslom, ako aj niekdajSou banskou
¢innost'ou. Chemicka analyza poukazala na jej znecistenie
toxickymi prvkami v poradi Ba > As > Hg > Sb > Cu.
Na experimentalne Gcéely sa pouzila kontaminovana pdda
a poda po procese trojstupniového biologicko-chemického
lahovania, opisaného blizsie v prispevku Styriakovej et
al. (2019).

Vzorka kontaminovanej pody s hmotnostou 1 kg
bola umiestnena v sklenenom valci s priemerom 80 mm
a vyskou 340 mm, ktorym perkoloval roztok 10 mM ety-
léndiamintetraoctanu sodného (Na,EDTA, d’alej oznaCeny
ako chl) s objemom 2 1. Potom chemicky lthovanou vzor-
kou s hmotnost'ou 800 g perkolovalo 1,5 1 roztoku 10 mM
etyléndiaminsukcinu sodného (Na,EDDS, d’alej oznaCeny
ako ch2) a nasledne sa vzorka (700 g) biologicko-chemic-
ky luhovala 3 1 média s obsahom 2 mM chelatu chl a zi-
vin. Pdda po jednotlivych stuptioch lthovania bola neskor
analyzovana pomocou sekvenénej extrakénej metody.

Mikrobiologickymi analyzami sa zistovali pocty he-
terotrofnych baktérii nachadzajucich sa v kontaminovanej
pode, ktoré toleruju pritomnost’ vysoko toxického prvku
arzénu. Arzén sa moze uvolnovat’ z pddneho matrixu bio-
chemickymi procesmi a spdsobovat’ postupnti kontami-
naciu rastlin alebo podzemnej vody, a tak spolu s inymi
prvkami ohrozit’ Zivotné prostredie.

Rezistencia heterotrofnych baktérii izolovanych
z pody proti As sa overovala kultivaciou baktérii na tuhom
zivnom médiu — agarovych platniach (tryptonovo-sojovy
agar — TSA) s pridavkom 0,3 mM a 3 mM As a v teku-
tom zivnom médiu TSB (tryptonovo-sojovy bujon) s pri-
davkom 0,3 mM a 3 mM As. Experimenty sa realizovali
v skiimavkach obsahujucich zivné médium a vo flasiach
obsahujtcich zivné médium a 5 g skimanej pody. Absor-
bancia médii sa merala vo vybranych ¢asovych interva-
loch na UV VIS spektrometri Spectroquant Pharo 300 pri
vinovej dizke 540 nm.

Heterotrofné baktérie izolované z kontaminovanej
pddy preukazali dobrii odolnost’ [pocet baktérii vySe
1,2 . 10° koléniu tvoriacich jednotiek (KTJ)/g) proti
koncentracii As (0,3 mM)] v tuhom médiu — na agarovych
platniach (obr. 1). V tekutom Zivnom médiu sa ziskali len
velmi malé rozdiely v raste poctu baktérii v zavislosti
od koncentracie As v médiu, pricom v prvych hodinach
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priebehu experimentu bol najvyraznej$i rast baktérii
v médiu s 0,3 mM As. Zodpovedd to aj vysledkom
ziskanym na agarovych platniach (obr. 2). Rast baktérii
bol vyraznejsi vo flasiach, ktoré okrem zivného média
obsahovali aj pridavok kontaminovanej pody. To umoznilo
zvySenie prisunu zivin na rast poctu heterotrofnych
baktérii (obr. 3). Vysledky poukazali na fakt, Ze rezistencia
baktérii proti As v pdde nesuvisi s jeho koncentraciou,
ale je ovplyvnena vyuzivanim pody na pestovanie plodin,
ktorym je zabezpeCeny pravidelny prisun organickych
latok a biogénnych prvkov pre pritomné mikroorganizmy
vo forme hnojiv.

Test toxicity metodou US EPA (1311) aplikovaného
procesu ltihovania pri vzorkach vstupnej pddy a pody po
biologicko-chemickom lthovani neviedol k prekroc¢eniu
limitnych hodndt koncentracie vybranych toxickych
prvkov v zmysle kritérii TCLP a IEPT (obr. 4, tab. 2).

Test biopristupnosti s vyuzitim kyseliny chlorovodiko-
vej preukazal zniZzenie biopristupnosti sledovanych toxic-
kych prvkov vo vzorke pddy po biologicko-chemickom
lahovani, s vynimkou Fe a As (obr. 5). Ich biopristupnost’
v upravenej vzorke pody sa zvysila. Naznacuje to d’alsiu
moznost’ odstranenia As a Fe procesom kyslého chemic-
kého Ithovania, ak by sa zmenili podmienky pH na mene;j
ako 2, priCom by bolo mozné znizit' hlavne nadlimitnu
koncentraciu As.

Vstupna vzorka a vzorky z jednotlivych stupiiov
chemického a biologicko-chemického lthovania (podla
postupu uvadzaného Styriakovou et al.) bola nasledne
podrobend pétstupniovej sekvencnej extrakcnej analyze
na zistenie mobility sledovanych toxickych prvkov a ich
biopristupnosti (Mackovych et al., 2000).

Vo vstupnej vzorke pédy sa nachadzali Cu (49,2 %),
Pb (85,1 %), Zn (40,3 %) a Co (33,0 %) v najvicsich
podieloch v redukovatelnej frakcii, Ni (51,1 %), As
(52,0 %), Sb (92,0 %), Ba (65,5 %) a Cr (77,6 %)
v rezidualnej frakcii a Hg (93,8 %) v organicko-sulfidicke;j
frakcii (obr. 6). Po chemickom luhovani pody chelatom
chl ostava najvacsi podiel Pb (78,6 %), Zn (40,2 %) a Co
(26,1 %) v redukovatelnej frakcii (Co rovnako 26,1 %
aj v rezidualnej frakcii), no pri vSetkych troch prvkoch
sa ich podiel oproti vstupnej vzorke pody vo frakcii (3)
znizil v prospech frakcie rozpustnej vo vode (Pb, Zn,
Co), ionovymenitelnej a karbonatovej (Pb) a organicko-
-sulfidickej (Pb a Zn) frakcie. Pri Cu je mozné pozorovat
narast koncentracie vo frakciach (1), (4) a (5), priCom
najvacsi podiel Cu sa nachadzal v organicko-sulfidicke;j
frakcii. Chemické luhovanie chelatom chl viedlo dalej
k zvyseniu podielu Ni, Baa Crvo frakcidch (1), (2)a(3),As
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v (1)a(2), Sba Co vo frakcii (1). V redukovatelnej frakcii
sa okrem spominaného obsahu Cu, Pb a Zn zvysil aj obsah
As (o vyse 5 %) a Co (0,5 %) (obr. 6). Po chemickom
lthovani pody chelatom ch2 ostavaji v najvac¢Som podiele
Cu (39,5 %) a Hg (95,3 %) v organicko-sulfidickej frakeii,
Pb (78,6 %), Zn (40,1 %) a Ni (45,9 %) v redukovatelnej
frakcii a As, Sb, Ba, Co a Cr v rezidualnej frakcii. Pri
vsetkych sledovanych prvkoch okrem Nia As pozorujeme
narast ich koncentracie v rezidualnej frakeii (Ba 0 7,39 %),
v pripade Cu narast koncentracie vo frakciach (1) a (4), Pb
vo frakcii (2), Zn v (4), NiaCov (3)a (4)apri AsaCr
vo frakcii (3) (obr. 6). Po biologicko-chemickom ltthovani
pody (BL) ostava najvyssi podiel Cu (37,3 %) a Hg
(97,0 %) v organicko-sulfidickej frakcii, Pb (82,4 %) a Zn
(36,7 %) v redukovatelnej frakcii a ostatnych sledovanych
prvkov v rezidudlnej frakcii (obr. 6). V pripade Cu, Pb,
As, Sb a Hg vSak v porovnani s podou po lthovani s ch2
sa znizila ich koncentracia v biologicky nepristupnej
frakcii, pricom vyznamnym zniZzenim je koncentracia As
(o 11,5 %) v prospech frakeii (1), (2) a (3) (obr. 6).

Po chemickom lthovani vstupnej pddy chelatmi chl
a ch2 ostali vo vzorke pody vo zvysSenej koncentracii As,
Sb, Ba a Hg. Su to prvky, ktorych najvyssi podiel pod-
l'a vysledkov sekvencnej extrakénej analyzy je viazany
v rezidualnej frakcii, teda biologicky nepristupnej. Vo
vzorkach po trojstupiiovom lihovacom cykle vSak tato
analyza preukdzala preskupenie ich obsahu, najméa As, do
biologicky pristupnych frakcii. Zvysila sa ich mobilita,
a teda aj moznost’ d’alSej extrakcie pouzitim chemickych
a biologicko-chemickych postupov. Opakovanou aplika-
ciou navrhnutého procesu by teda bolo mozné znizit’ naj-
mai koncentraciu As a Sb na pozadované hodnoty v zmysle
indika¢nych kritérii.

Pozorovanim jednotlivych separovanych zin z pody
pred biologicko-chemickym lthovanim a po fnom sa bi-
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nokularnym optickym mikroskopom potvrdilo odstranenie
menej odolnych Fe povlakov na povrchu zin po biologic-
ko-chemickom luhovani, v ktorych je prioritne viazany
arzén (obr. 8). Elektronovym mikroanalyzatorom bolo
mozné po okrajoch biologicko-chemicky lthovanych zin
pozorovat’ narusené $truktiury Fe povlakov, ked’ze hete-
rotrofné baktérie vyuzité v procese biochemického Iuho-
vania su schopné rozrusit’ menej odolné Struktiry oxidov
a hydroxidov Zeleza (obr. 7). Bodova analyza v miestach
s vyssim podielom Fe nepreukazala pritomnost’ vysokého
obsahu As ani ostatnych sledovanych toxickych prvkov.
Poukazuje to na fakt, ze tieto prvky boli procesom bio-
logicko-chemického lthovania odstranené z povrchu se-
parovaného zrna (tab. 4). Detailnejsia morfologia povrchu
vybraného separovaného zrna po biologicko-chemickom
luhovani bola pozorovana skenovacim elektronovym mik-
roskopom. Uz spominané naruSenie Struktiry menej odol-
nych Fe povlakov na povrchu zrna vplyvom heterotrofnych
baktérii sa prejavilo pritomnostou vyraznych pérov (obr.
9, 10).

Stadia bola zamerana na detailnej§iu charakterizaciu
vplyvu baktérii na lthovanie toxickych prvkov z konta-
minovanej pody, priCom sa preukazala relativne vysoka
rezistencia heterotrofnych autochténnych baktérii proti
As v ich prirodzenom prostredi. Vysledky prezentované
v tejto $tadii zaroven poukazuji na moznost efektivnej de-
kontaminacie pddy prostrednictvom opakovanych cyklov
chemického a biologicko-chemického lihovania s vyuzi-
tim heterotrofnych baktérii. Predstavuje to perspektivnu
metodu remedidcie pody znecistenej anorganickymi kon-
taminantmi s ohladom na Zivotné prostredie.
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