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Immobilization of microorganisms is an effective method of intensification of waste-
water purification form chromate-containing compounds. This paper presents a method
of sulfate-reducing bacteria immobilization in agar developed in order to determine the
effectiveness of water purification from toxic hexavalent chromium compounds. Depen-
dence of the influence of different factors on the reduction of hexavalent chromium
compounds by immobilized cells of sulfate-reducing bacteria Desulfomicrobium sp.
CrR3 has been studied. Both free and agar-immobilized Desulfomicrobium sp. CrR3
cells almost completely reduced Cr(VI) at the initial concentration of 1 mM. Immobilized
cells reduced over 90 % of Cr(VI) in 4 days, and non-immobilized ones — in 6 days.
Cr(Ill) content increased with the decrease of hexavalent chromium concentration.
A possibility of multiple usage of agar-immobilized Desulfomicrobium sp. CrR3 cells for
the purification of the model solution from Cr(VI) at the concentration of 0.5 mM and
1 mM during 60 h was confirmed. After three-time usage of the immobilized cells (1g/L),
effectiveness of Cr(VI) reduction is 68 % at their initial concentration of 0.5 mM and
50 % — at 1 mM; at cells concentration 3 g/L — 87 % and 77 %; 5 g/L — 94 % and 92 %,
and at cells concentration 8 g/L — 98 % and 96 %, respectively. As a result of the regres-
sion analysis of the influence of different factors on the purification of the model solution
from Cr(VI) by agar-immobilized Desulfomicrobium sp. CrR3 cells a reliable depen-
dence of the studied parameter change on time, initial content of hexavalent chromium
and cells concentration was found. Determination indices have been calculated and the

© 2020 T. B. Peretyatko et al.; Published by the Ivan Franko National University of Lviv on behalf of Bionoriuni Ctygii / Studia Biologica. This is an
Open Access article distributed under the terms of the Creative Commons Attribution License (http://www.budapestopenaccessinitiative.org/ and
Creative Commons Attribution 4.0 License), which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original
work is properly cited.

ISSN 1996-4536 (print) « ISSN 2311-0783 (on-line) e BionoriyHi CTyaii / Studia Biologica e 2020 e Tom 14/Ne2 e C. 17-26


https://doi.org/10.30970/sbi.1402.617
www.http
publications.lnu.edu.ua/journals/index.php/biology
http://www.budapestopenaccessinitiative.org
https://orcid.org/0000-0002-5769-3050
https://orcid.org/0000-0001-8162-9879
https://orcid.org/0000-0002-2638-3113
https://orcid.org/0000-0003-0017-9664
https://orcid.org/0000-0002-8787-8670
mailto:taras.peretyatko@lnu.edu.ua
https://doi.org/10.30970/sbi.1402.617

18 T. B. Peretyatko, K. V. Sholiak, A. A. Halushka, I. M. Stakhera, H. V. Tsehelyk

equation of the dependence of change of hexavalent chromium concentration per unit
of time on the three analysed factors has been derived. Immobilization of Desulfomic-
robium sp. CrR3 cells is the promising way of water purification from hexavalent chro-
mium compounds. Effectiveness and duration of the process of water purification from
Cr(VI) by the immobilized Desulfomicrobium sp. CrR3 bacteria depend on the initial
hexavalent chromium content and cell concentration.

Keywords: Cr(VI), purification, immobilized cells, sulfate-reducing bacteria, regres-
sion analysis

INTRODUCTION

Immobilized bacterial cells are increasingly used to purify the environment from
both organic and inorganic pollutants. Activated charcoal, sand, porous glass, yellow
saponite, wood chips, cotton fibers, corncobs, sunflower seed shells, etc. are the carri-
ers for immobilization [1, 3, 16]. Incorporation of cells into different by structure natural
(caraginane, agar, collagen, pectines) and synthetic (chitosan, silicate foam, polyure-
thane, polyacrylamide gel, photosensitive polymers) polymers is equally widespread [1,
17]. Biodegradable organic compounds (based on vinyl [2], alginates [1], and cotton
fibers [3]) are used most often.

Compared to the traditional methods of biological purification of wastewater in
aerated lagoons, immobilized microbiota has a number of advantages. First, such an
“immobilized catalyzer” of the purification process is easy to remove from the reaction
medium, which enables termination of the process at the right moment, while removal
of active sludge from an aerated lagoon involves a long process of sedimentation and
centrifugation. Besides, the carrier is suitable for multiple usage; purified water is not
contaminated by microbial cells, so a secondary settler is not needed. Secondly, using
the immobilized active sludge makes it possible to purify wastewater continuously and
regulate the purification process by changing the flow velocity. Thirdly, immobilization of
microbial biomass can increase the catalytic activity of enzymes [16].

Sulfate-reducing bacteria reduce sulfur oxoanions and oxidize organic compounds
in anaerobic conditions in the process of sulfate respiration [5, 10]. Previous studies
show that as electron acceptors they can also utilize nitrate ions, hexavalent chromium
compounds and some heavy metal ions with variable valency [7, 13, 15].

In this study, we made an attempt to immobilize sulfate-reducing bacteria in order
to use them for water purification from toxic compounds of hexavalent chromium.

MATERIALS AND METHODS

Chromate-resistant sulfate-reducing bacteria Desulfomicrobium sp. CrR3, isolated
from the wastewater of Lviv purification system, were used for this research [11].

Bacteria were grown in Postgate C medium [8] with potassium dichromate (1 mM
of chromium) at 30 °C in 25 mL tubes. The choice of such a concentration of chromium
was determined by the results of our previous study [12], according to which further
increase of chromium content in the medium leads to the inhibition of bacterial growth.
Water solution of potassium dichromate was added after sterilization. To achieve anae-
robic conditions tubes were fully filled with the medium and stoppered with rubber corks.
To confirm the anaerobic conditions, Anaerlndicator (bioMeriux, France) — an indicator
of anaerobic conditions was used.
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Biomass was measured turbidimetrically using the photoelectrocolorymeter KFK-3
(A = 340 nm, cuvette 3 mm). Chromate content was measured spectrophotometrically
(A = 540 nm, cuvette 10 mm) by biphenyl carbaside method [6]. Chromasurol S
(A =590 nm, cuvette 10 mm) was used to measure Cr(lll) content [4].

To immobilize cells of sulfate-reducing bacteria on the synthetic carrier “VIIA”, we
grew them in the tube with synthetic fibres. After 14 days, “VIIA” were added to the model
solution. To obtain Desulfomicrobium sp. CrR3 cells immobilized in agar, the grown bac-
teria were centrifuged at 6000 g for 30 min at 4 °C. The cells were washed twice with the
isotonic solution of sodium chloride and added to 2% agar solution cooled to 40...45 °C.
The agarized solution with the cells was poured into Petri plates to form a uniform layer.
After solidification, the agar was cut into 7-8x7—8x7—-8 mm cubes and added to the model
solution of potassium dichromate containing Cr(VI) with pH adjusted to 7.

Statistical analysis was performed in R medium (3.6.3) in RStudio envelope
(1.2.5033) using ggplot2 library [9]. Method of multiple linear regression with different
variable combinations in linear model was used to determine the significance of the
dependence of chromium concentration on such parameters as initial chromium con-
centration, time of measuring after the addition of chromium and concentration of cells.

RESULTS AND DISCUSSION

This study was focuses on a possibility to immobilize sulfate-reducing bacteria
Desulfomicrobium sp. CrR3 on the synthetic carrier “VIIA”, which is considered to be
promising and readily available [14], and in agar. Effective growth of sulfate-reducing
bacteria Desulfomicrobium sp. CrR3 in the Cr(VI) containing medium without sulfates
and other terminal electron acceptors was reported previously [12]. After 14 days of
Desulfomicrobium sp. CrR3 bacteria cultivation in Postgate C medium with “VIIA” carriers,
bacterial biomass accumulated, but no immobilization occured. Bacterial biomass
was equal in both culture liquids, with and without the synthetic fibres. Sedimentation of
FeS, which stained the carrier in black colour, was observed in Postgate C medium with
ferrous sulfate.

The synthetic carrier was substituted for agar, as immobilization on the synthetic
carrier “VIIA” was not successful. The pattern of chromate ions utilization by the sulfate-
reducing bacteria Desulfomicrobium sp. CrR3 immobilized in agar proved to be similar
to the pattern of Cr(VI) utilization by non-immobilized cells. The cells were immobilized
in agar and their ability to reduce chromate ions was studied. We found that both im-
mobilized and non-immobilized cells almost completely reduced Cr(VI) at the initial con-
centration of 1 mM (Fig. 1). The immobilized Desulfomicrobium sp. CrR3 cells reduced
over 90% of Cr(VI) within 4 days, and the free ones — within 6 days. Cr(lll) content
increased with the decrease of chromate ions concentration. The concentration of chro-
mate ions did not change in the control sample (without cells) (Fig. 1A).

Fig. 2 shows positive correlation between the rate of Cr(VI) utilization and the
amount of immobilized cells. Multiple uses of immobilized sulfate-reducing bacteria
cells for the purification of a medium from Cr(VI) are possible. Cr(VI) content in the
model solution decreased from 0.5 mM to 0.26 mM in 17 hours after the addition of 1 g/L
of Desulfomicrobium sp. CrR3 cells immobilized in agar. After the second addition of
0.5 mM of Cr(VI), bacteria reduced 0.17 mM in 17 h. With the next addition of 0.5 mM
of Cr(VI) bacteria utilized only 0.06 mM of Cr(VI) (Fig. 2A).
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Fig. 1. Reduction of Cr(VI) by agar-immobilized (A) and free (B) Desulfomicrobium sp. CrR3 cells. Initial
concentration of chromate ions — 1 mM; of cells — 0.1 g/L
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Fig. 2. Utilization of Cr(VI) (0.5 mM) by the agar-immobilized cells of Desulfomicrobium sp. CrR3 bacteria at
different concentration (A — 1 g/L; B—-3 g/L; C—5 g/L; D — 8 g/L) during 60 h. Arrows indicate the
addition of potassium dichromate into the model solution

Puc. 2. BukopuctanHs Cr(VI) (0,5 MM) immo6inisoBaHumu B arap knituHamu 6aktepini Desulfomicrobium sp.
CrR3 3a pi3Hux koHueHTpauin (A —1r/n; B—3r/n; C -5 r/n; D — 8 r/n) ynponosx 60 rog. Ctpinkamu
rokasaHo BHECEHHS kaniii BixpomaTy B MogenbHUN pO34nH
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3 hours after the addition of 3 g/L of agar-immobilized cells into the model solution,
which contained 0.5 mM of Cr(VI), the utilization of 0.3 mM of Cr(VI). Cr(VI) concentra-
tion was 0.17 mM after 17 h was observed. Repeated addition of 0.5 mM of Cr(VI) re-
sulted in the two-fold decrease of Cr(VI) utilization by bacterial cells. With the next addi-
tion of 0.5 mM of Cr(VI) bacteria utilized only 0.15 mM of Cr(VI) (Fig. 2B).

The increase in concentration of the added cells to 5 g/L accelerates the process of
Cr(VI) reduction. Cr(VI) concentration in the medium reached 0.11 mM after 17 h. We
observed an insignificant deceleration of Cr(VI) reduction in the case of a repeated ad-
dition of 0.5 mM. Cr(VI) concentration was 0.19 mM after 34 h. With the next addition of
0.5 mM of Cr(VI), its utilization decelerated (Fig. 2C). 0.06 mM of Cr(VI) was found in
the medium 17 h after the addition of 8 g/L of agar-immobilized cells into the model solu-
tion with Cr(VI) concentration of 0.5 mM. Its concentration was 0.16 mM in 17 h (on the
34th hour) after the repeated addition of 0.5 mM of Cr(VI) (Fig. 2D).

A two-fold increase in the initial Cr(VI) concentration in the model solution results in
different extent of its reduction by the agar-immobilized Desulfomicrobium sp. CrR3
cells depending on their concentration (Fig. 3).
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Fig. 3. Utilization of Cr(VI) (1 mM) by agar-immobilized cells of Desulfomicrobium sp. CrR3 bacteria at diffe-
rent concentrations (A—1g/L; B—3g/L; C—5g/L, D-8 g/L) during 60 h. Arrows indicate the addition
of potassium dichromate into the model solution

Puc. 3. BukopuctanHsi Cr (V1) (1 mM) immoGinisoBaHumMu B arap knituHamu 6aktepini Desulfomicrobium sp.
CrR3 3a pisHux koHueHTpauivt knitnd (A — 1 r/n; B — 3 r/n; C — 5 r/n; D — 8 r/n) ynpogosx 60 roa.
Ctpinkamy nokasaHo BHECEHHS Karniii 6ixpomaTy B MOAENbHUIN PO34nH
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Cr(VI) content in the model solution was decreased from 1.0 to 0.56 mM within
17 hours after the addition of 1 g/L of Desulfomicrobium sp. CrR3 cells immobilized
in agar. After the repeated addition of 1.0 mM of Cr(VI), bacteria reduced 0.32 mM in
17 h. With the next addition of 1.0 mM of Cr(VI), bacteria utilized only 0.27 mM of Cr(VI)
(Fig. 3A).

After the addition of 3 g/L of agar-immobilized cells into the model solution, which
contained 1 mM of Cr(VI), the utilization of 0.23 mM of Cr(VI) after 3 h was observed.
Cr(VI) concentration was 0.53 mM after 17 hours. A repeated addition of 1 mM of Cr(VI)
resulted in the 1.6-fold deceleration of CrO,* utilization by cells. With the next addition
of 1 mM of Cr(VI) bacteria utilized only 0.29 mM of Cr(VI) (Fig. 3B).

The increase of cell concentration to 5 g/L accelerates the process of Cr(VI) reduc-
tion. Cr(VI) concentration reached 0.36 mM after 17 h. Its utilization decelerated in the
case of a repeated addition of 1 mM of Cr(VI). After 34 h, Cr(VI) concentration was
0.52 mM. With the next addition of 1 mM of Cr(VI), its utilization decelerated (Fig. 3C).

After the addition of 8 g/L of agar-immobilized cells into the model solution with
1 mM of Cr(VI) 0.28 mM of Cr(VI) was found in the medium 17 h. 17 h after the repeated
addition of 1 mM of Cr(VI) (in 34 hours), its concentration was 0.42 mM. With the next
addition of 1 mM, utilization of Cr(VI) decelerated (Fig. 3D).

Thus, it is not only the concentration of cells, but also Cr(VI) concentration that in-
fluences the reduction of chromate ions by the immobilized Desulfomicrobium sp. CrR3
cells. After a three-time use of the immobilized Desulfomicrobium sp. CrR3 cells (1g/L),
the effectiveness of chromate ions reduction is 68% at their initial concentration of
0.5 mM and 50% — at 1 mM; at cells concentration of 3 g/L —87% and 77%; 5 g/L — 94%
and 92%, and at cells concentration of 8 g/L — 98% and 96%, respectively (see Table).

Effectiveness of cromate ions reduction by immobilized Desulfomicrobium sp. CrR3 cells

EdekTUBHICTb BiAHOBNEHHA XPOMaT-NOHIiB iMMOGinizoBaHMMM KNiTUHaMK
Desulfomicrobium sp. CrR3

Concentration of cells (g/L)

Chromate ions concentration (mM) 1 3 5 8
Effectiveness of reduction (%)

0.5 68 87 94 98

1.0 50 77 92 96

Thus, agar-immobilized cells of sulfate-reducing bacteria Desulfomicrobium sp.
CrR3 are capable of full detoxification of 0.5 mM of Cr(VI) in 17 h. The increase of cells
concentration accelerates the process of chromate utilization in the model solution.
Desulfomicrobium sp. CrR3 bacteria have a potential for anaerobic purification of waste-
water from hexavalent chromium compounds.

The study demonstrated that Desulfomicrobium sp. CrR3 cells immobilized in agar
have an ability to reduce Cr(VI) at the concentration of 0.5 mM in the model solution.
The dependence of the concentration of hexavalent chromium on time (in hours) is descri-
bed by the equation

[Cr] = 0.429 — 0.009 - ¢, (1)

where [Cr] — concentration of hexavalent chromium, mM; t — time after the moment of
Cr(VI) addition to the medium, hours.
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The dependence of chromium concentration on time is significant (p<0.001), but
the determination coefficients that indicate the part of variation of the dependent vari-
able, which can be explained by the variation of predictros, are low in this model
(R* = 0.3234, R?,;; = 0.320). It can be seen from equation 1 that Cr(VI) concentration
changes by 0.009 mmol per hour.

At the initial Cr(VI) concentration of 1 mM in the model solution, the dependence of
hexavalent chromium concentration on time is described by the equation

[Cr]=0.971-0.022 - ¢, (2)
where [Cr] — concentration of hexavalent chromium, mM; t — time after the moment of
Cr(VI) addition to the medium, hours.

The dependence of chromium concentration on time is significant (p<0.001) and
the determination coefficients are high (R* = 0.6873, R?,; = 0.6857). Cr(VI) concentra-
tion decreases by 0.022 mmol per hour (equation 2).

According to the regression analysis, the changes in Cr(VI) concentration when
using agar-immobilized Desulfomicrobium sp. CrR3 cells conform with the interpreta-
tion of the visualization presented at Fig. 4.
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Fig. 4. Changes in Cr(VI) concentration by agar-immobilized Desulfomicrobium sp. CrR3 cells taking into
account the factors of time and initial chromium content during 23 hours

Puc. 4. 3miHun koHueHTpauii Cr(VI) immobinisoBaHumu B arap knituHamu Desulfomicrobium sp. CrR3 3 ypaxy-
BaHHSIM YMHHMKA Yacy i MO4aTKOBOro BMICTY XpOMY NpOTsroM 23 rog

The multiple linear regression, performed for the dependent index — chromium con-
centration, and the independent indeces (predictors) — time and initial chromium con-
centration, shows that the change of Cr(VI) concentration is described by the equation

[Cr=-0.114 + 0.004 - t + 1.085 - [Cr,] —0.026 - { - [Cr,], (3)
where [Cr,] — initial concentration of hexavalent chromium, mM.

In this case, the p-level of significance of dependence of Cr(VI) concentration on
time is low (p = 0.0544), and the coefficient of this predictor is positive, which indicates
that only time in this model is not a significant parameter. However, the p-level of signifi-
cance of dependence of hexavalent chromium concentration on the initial Cr(VI) concen-
tration is notable (p<0.001) in the same manner as for the interaction/combination of
these factors (the extent of expression of measuring time factor significantly depends on
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the gradation of the initial chromium concentration, p<0.001). Determination coefficients
for such a model indicate that a significant part of the chromium concentration variability
is described by the variability of these two parameters (R* = 0.829, R?,, = 0.827).

Thus, the influence of the factor of time depends significantly on other parameters,
particularly, the initial concentration of Cr(VI), which by itself is a significant predictor.

The multiple linear regression, performed for the dependent index of chromium
concentration and for the independent indices of time, Desulfomicrobium sp. CrR3 cells
concentration and the initial Cr(VI) concentration, shows that the change of hexavalent
chromium concentration is described by the equation

[Cr]=-0.037 + 1.010 - [Cr,] — 0.018 - [C]-0.013 ¢ [C] - 0.003 - t - [Cr,] - [C], (4)
where [C] — concentration of cells, g/L.

The most significant predictor is the initial Cr(VI) concentration (p<0.001) and an
aggregate of all three factors (expression of time as a factor depends on the initial chro-
mium concentration factor gradation and cells concentration, p = 0.001). Time in relation
to the gradation of initial chromium concentration (p = 0.003) and concentration of cells
(p = 0.046) are significant factors as well. Determination coefficients of the model indi-
cate its conformity with the data variation (R ?= 0.883, R?,, = 0.881).

Cchanges in Cr(VI) concentration when using agar-immobilized Desulfomicro-
bium sp. CrR3 cells taking into consideration the factors of time, initial chromium con-
tent and concentration of cells conform with the interpretation of the visualization pre-
sented in Fig. 5.

0.9-
% Initial Cr(V1) (mM)
= 06" 05
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00- . .
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Fig. 5. Changes in Cr(VI) concentration by the agar-immobilized Desulfomicrobium sp. CrR3 cells taking into
consideration the factors of time, initial chromium content and concentration of cells

Puc. 5. 3miHn koHueHTpauii Cr(VI) immobinisoBaHnmmn B arap Desulfomicrobium sp. CrR3 3 ypaxyBaHHAM
YYHHUKIB Yacy, MO4aTKOBOro BMICTY XPOMY i KOHLIEHTpaLii KNiTWH

Thus, the regression analysis of the influence of various factors on the of model
solution purification from Cr(VI) by the agar-immobilized Desulfomicrobium sp. CrR3
cells showed a significant dependence of the changes in the parameter under study on
time, initial content of hexavalent chromium and concentration of cells.

CONCLUSIONS

Immobilization of Desulfomicrobium sp. CrR3 cells is a promising way of water
purification from hexavalent chromium compounds, which can be used to develop tech-
nologies for bioremediation of the environment from these pollutants. Effectiveness and
duration of the process of water purification from Cr(VI) by the immobilized Desulfomic-
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robium sp. CrR3 bacteria depend on the initial hexavalent chromium content and the
concentration of cells.
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BIAHOBIEHHA CNONYK Cr(Vl) IMMOBITI30BAHUMU KNITUHAMU
CYNb®ATBIAHOBITIOBAJIbHUX BAKTEPIVN DESULFOMICROBIUM SP. CrR3
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IMmOGini3auis MikpoopraHiamiB € eekTMBHUM MeTOAOM iHTeHcudikauil npouecy
OYMLLIEHHS CTIYHMX BOZA, Bif, XPOMATOBMICHMX CMOMyK. Y Ui cTaTTi po3pobneHo cnocib
iMMOGinisauii B arap cynbarsigHOBNOBanbHMX 6akTepin 3 MeTOl 3'iICyBaHHs eeKTnB-
HOCTi ouMLLEHHS BOAM Bif, TOKCMYHMX cnonyk Cr(VI). [JlocnigkeHo 3anexHiCTb BNNuBY pi3-
HMX YMHHUKIB Ha BigHOBMNeHHs cnonyk Cr(VI) immobinizoBaHuMmu KniTuHamu cynbdarsia-
HoBntoBanbHMX 6akTepin Desulfomicrobium sp. CrR3. ImmobinizoBaHi B arap Ta HeiMMoO-
OinisoBaHi knitnHu Desulfomicrobium sp. CrR3 npaktuyHo noHicTio BigHoBUM Cr(VI)
3a BUXiOQHOT koHUeHTpauii 1 MM. ImmobinizoBaHi knitnHW BigHOBUNM noHag 90 % Cr(VI)
NPOTArOM YOTUPBLOX Ai0, a HeiMMOobBini3oBaHi — NpoTarom wectu Ai6. 3i 3MEeHLLEeHHAM KOH-
ueHTpauii Cr(VI) 3poctaB BmicT Cr(lll). BcTaHOBNEHO MOXMMBICTb KiNlbkapa3oBOro BMKO-
pucTaHHs iMmmobinisoBaHnx B arap knitnH Desulfomicrobium sp. CrR3 anst ouneHHs
mMogenbHoro po3uunny Big Cr(VI) y koHueHTpauii 0,5 Ta 1 MM npotsarom 60 rog. 3a Tpupa-
30BOr0 BUKOPUCTAHHS iMMODInizoBaHUX KNiTMH edpekTUBHICTb BigHoBNeHHs Cr(VI) ctaHo-
BUTb 68 % 3a BMXigHOI iXHbOI kKOHUeHTpauii 0,5 MM Ta 50 % — 3a 1 MM; 3a kKoHUeHTpaUil
KNiTuH 3 r/n — 87 1a 77 %; 5 r/n — 94 ta 92 % i 3a koHueTpaLii kKnitnH 8 r/m — 98 i 96 %,
BiZnNoBigHO. YHACNIAOK NPOBEAEHOIO PerpeciiHoro aHanisy LWoAo BMfMBY Pi3HUX YMHHU-
KIB Ha ounLLEeHHS MoaernbHoro po3unHy Big Cr(VI) iMmo6inisoBaHMMu B arap KniTuHamu
Desulfomicrobium sp. CrR3, BCTaHOBNEHO AOCTOBIPHY 3aMeXHiCTb 3MiHN JOCHiAXYyBa-
HOro napameTpa Bif, Yacy, noyatkoBoro BMicTy Cr(VI) Ta KoHUeHTpaLii kniTuH. Po3paxo-
BaHO MOKAa3HMKW AeTepMiHalil Ta BMBEOEHO PIBHAHHA 3aneXHOCTi 3MiHW KOHLUEeHTpauil
Cr(VI) 3a ognHMUI0 Yacy Bif OBOX—TPbOX NpOaHamni3oBaHUX YMHHMKIB. IMMOGinisauis
B arap knitnH Desulfomicrobium sp. CrR3 € nepcnekTMBHMM CNOCOOOM OUMLLEHHST BOAW
Big crnonyk Cr(VI). EdbekTUBHICTb | TpMBanicTb NpoLecy OYMLLEHHSI BOOHOMO cepeaoBuLla
Big Cr(Vl) immobinizoBaHumn Gaktepiamn Desulfomicrobium sp. CrR3 3anexatb Big
noyatkoBoro BMicTy Cr(VI) Ta kOHUEHTpaL,ii KITiTWH.

Kroyoei cnoea: Cr(VI), ouniLeHHsi, iMMOGIini3oBaHi KniTuHW, CynbdaTsigHOBIO-
BasbHi OakTepii, perpecinHnin aHanis
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