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The aim of the work was to optimize the process of bacterial desulfurization of energy coal,
namely, to determine the influence of the component composition of the nutrient medium and the
conditions of the process, which ensure the maximal development and activity of the aboriginal
association of acidophilic chemolithotrophic bacteria and, as a consequence, the maximal index of
sulfur decrease in coal in minimal time. We used the method of mathematical planning of the
experiment adapted to the plan in Greek-Latin squares. The calculations in this approach are based
on the analysis of variance (ANOVA). The formal planning of experiments has been carried out with
four operating factors (nutrient medium components) at four levels (concentrations). The calculations
were performed in Excel. The selection of operating factors and their combinations was made with
the usage of unifactor ANOVA, correlation analysis and the method of principal components PCA.
Researches were carried out in R 3.4.0 program and were founded on data of the preliminary
evaluating experiments. Acidithiobacillus ferrooxidans Coal 17 aboriginal strain was used to obtain
the most significant desulfurization effect. This strain was isolated from the investigated coal,
studied and identified. The significance of the factor level for each nutrient medium component was
analyzed using the Duncan’s multiple range test, the uniformity of the variances was examined with
the Cochran’s test, and the significance of the factors was tested by the Fisher’s criterion. As a
result, for the optimal nutrient medium the next combination of factors and their levels, which
corresponds to the composition, g/dm®, was recommended: (NH,),SO, — 0.15; K,HPO, — 0.50;
FeSO,.TH,0 — 44.50; KCl — 0.10; MgSO,7H,0 — 0.10; Ca(NOg3), — 0.10; yeast extract — 0.025%
(vol.); strain A. ferrooxidans Coal 17 (titre 1-108 CFU/ml) — 1.60% (vol.). This makes it possible to
reduce the sulfur content in coal by 66.31% in a short period (seven days). This result could not be
got before.

Key words: desulfurization, aboriginal association, acidophilic chemolithotrophic bacteria, plan in
Greek-Latin squares, variance analysis.

The extracted coal in most cases does not compounds of sulfur in the atmosphere during

meet the requirements of consumers by the
main qualitative indicators: the content of
sulfur, ash content, humidity, calorific value
and sintering properties. Thus, coal from the
mines of the Lviv-Volyn coal basin belongs
to high-sulfur, low-calorie raw materials,
since it contains not less than 4.5% of total
sulfur (including pyrite — up to 2.0%).
Decrease the sulfur content at the stage of its
enrichment can increase the quality, thermal
characteristics of coal and, consequently,
its cost, as well as reduce emissions of toxic

its combustion. The improvement of the
quality of coal raw materials for high-quality
coking and energy coal, which is in demand
on the market, is achieved by enriching
with various physico-chemical methods:
gravity, magnetic separation, electric
separation, flotation, and others [1]. With the
development of biotechnology, more and more
attention is being paid to environmentally
safe and resource-saving microbiological
methods of coal desulfurization, namely
biodesulfurization [2—4]. The analysis of
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literature data suggests that pure cultures
of ACB are mainly used for desulfurization,
in particular Acidithiobacillus ferrooxidans
and Acidithiobacillus thiooxidans — type and
collection strains, as well as isolated from
specific sources — various samples of coal,
drainage acidic mine waters [3—5]. There is
practically no data on the association of mixed
cultures and consortia of own microbiots of coal
substrates usage for this purpose, although the
activity of such communities is widely used
and well-proven for the bioleaching of metals
from sulphide ores and man-made waste [2, 4].

The aim of the work was to optimize the
process of bacterial desulfurization of energy
coal, namely, to determine the influence of
the component composition of the nutrient
medium and the conditions of the process,
which ensure the maximal development
and activity of the aboriginal association of
acidophilic chemolithotrophic bacteria and,
as a consequence, the maximal index of sulfur
decrease in the coal in minimal time.

Materials and Methods

Studies on desulfurization were carried
out with a batch of natural coal, which
enters the Central Enrichment Plant (CEP)
“Chervonogradska” directly from the coal
mines of the Lviv-Volyn coal basin. Coal has the
following initial characteristics: Sgeneral —
2.82%; ash content — 18,10% ; specific heat
of combustion — 16.60 MJ /kg.

For preliminary evaluation studies
and determination of the most favorable
conditions for the process of microbiological
coal desulfurization using the activity of
acidophilic chemolithotrophic aboriginal
bacteria, the nutrient media 9K, 9K* and
Letain recommended for ACB growth were
used [2, 6, 7]. To these media, divalent iron
was added as a source of energy in the form

of salt FeSO,-7H,0 at various concentrations.
The composition of the media is given in
Table 1. Experiments were performed in
a thermostat by stationary cultivation
at pH < 2.0; temperature 30.0 = 2.0 °C;
duration — 28 days. The ratio of solid (coal) to
liquid (nutrient medium) phases (S:L) as 1: 5
or 1:10 was provided. Weekly, the control of
the process was performed, based on the value
of the residual sulfur in the treated coal (%)
and the titre of ACB (CFU/ml) of the aboriginal
association grown in the appropriate nutrient
medium. The titre of cells was determined by
the classical microbiological method of serial
dilutions. Sterile coal and nutrient media were
the control.

Acidithiobacillus ferrooxidans Coal 17
strain, which was isolated from the aboriginal
association of natural coal of the Lviv-Volyn
coal basin, was used to intensify the process
of desulfurization. The strain is studied
by basic biological properties. It has been
found that strain cells are thin, short gram-
negative mobile cells (Fig. 1). It, as a typical
representative of ACB, is capable of growing
in mixotrophic conditions in the presence
of 0.02 % of yeast extract or glucose, but is
not able to grow in complete media (MPA,
Gorbenko). The temperature and pH range
for growth are within (4.0-35.0) = 2.0 °C
and 1.0-4.5, respectively. Bivalent iron,
thiosulfate, sulfur were used as a source of
energy. By all indications and on the basis of
polymerase chain reaction (PCR) method, it is
referred to as Acidithiobacillus ferrooxidans.
The A. ferrooxidans Coal 17 strain was
pre-cultivated in a liquid medium 9K with
12.0 g/dm? of FeSO, TH,O to a titre index of
1108 CFU/ml (corresponding to an optical
density of 0.9).

Based on the results of preliminary
evaluative studies, an experiment was modeled
to optimize the composition of the medium

Table 1. Composition of nutrient media, g/dm3

Nutrient medium
Components

Letain 9K 9K*
(NH,),SO4 0.15 3.00 0.20
KCl - 0.10 0.10

KH,PO, 0.10 - -
K,HPO, - 0.50 0.10
MgS0, TH,0 0.50 0.50 0.40

Ca(NO3), 0.01 0.10 -
Yeast extract (YE) - - 0.02
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Fig. 1. Microphotography
of Acidithiobacillus ferrooxidans Coal 17
bacteria strain (magnification x1000)

for microbial desulfurization of coal. As an
experiment plan, a Greek-Latin square was used
with four factors at four levels of variation [8—
12]. The choice was based on the fact that the
Greek-Latin squares help to discover the most
effective factors combination, without taking
into account the interfacial interactions, and
to minimize the number of calculations and
laboratory manipulations. According to the
constructed matrix of four-factor experiment
for four levels, based on the principle of Grec-
Latin squares, a table was formed in which
the combinations of factors for experiments
performing are represented (Table 2).

The optimization parameter Y was a
vector containing the percentage of residual
sulfur content in the coal after the substrate
treatment with appropriate nutrient medium
(according to the matrix of the experiment,
Table 2).

The choice of operating factors and their
combinations was made using unifactor
dispersion analysis, correlation analysis
and principal component analysis (PCA) in
program R 3.4.0, based on the determination
of the influence of the component composition
of nutrient media, the variation of the
FeSO, TH,0 concentration and the S:L ratio
on the growth indices of the aboriginal
mesophilic association of acidophilic
chemolithotrophic bacteria and the efficiency
of the desulfurization process [13].

When choosing the interval of variation,
it was taken into account that its value should
be more than double the quadratic error,
from which the level of this factor is fixed.
This is due to the fact that a small variation
interval decreases the area of the experiment
and slows down the search of the optimum.
Therefore, the components of the nutrient
medium, for which there are quite wide ranges
of concentration variations known from
literature or experimentally established, act
as factors of variation. The main requirement
is the significance of the factor for the growth

Table 2. Conditions of the experiment according to the matrix of four-factor experiment for four levels,
based on the principle of Greek-Latin squares

Experiment Level A Level B Level C Level D Parameter of
number optimization
1 Al B1 C1 D1 Y1
2 Al B2 Cc2 D2 Y2
3 Al B3 C3 D3 Y3
4 Al B4 C4 D4 Y4
5 A2 B1 C2 D3 Y5
6 A2 B2 C1 D4 Y6
7 A2 B3 C4 D1 Y7
8 A2 B4 C3 D2 Y8
9 A3 B1 C3 D4 Y9
10 A3 B2 C4 D3 Y10
11 A3 B3 C1 D2 Y11
12 A3 B4 Cc2 D1 Y12
13 A4 B1 C4 D2 Y13
14 A4 B2 C3 D1 Y14
15 A4 B3 C2 D4 Y15
16 A4 B4 C1 D3 Y16
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of a microorganism as a source of phosphorus,
nitrogen or energy.

Calculations to find out the most effective
combination of factors based on the results of
a four-factor experiment on optimizing the
composition of the medium for desulfurization
were based on a dispersion analysis, which
allows us to estimate the influence of operating
factors and separate their influence from the
variability given by the random variable [8, 9,
14, 15]. The significance of linear effects was
checked by Fischer’s criterion (F) — Fisher’s
criterion value was taken as significant at
95.0% (P = 0.05) [4, 10]. The determination
of significant ranks was carried out using
the Duncan’s multiple criterion [10], which
allows us to determine the significance of
the difference between the effects of levels
of factors introduced into the plan with more
than two levels with greater reliability, since
at the same time all information obtained in
the experiment is used [6, 10]. The Cochran’s
criterion (G) was used to evaluate the
equality of dispersions. The calculations were
performed in Excel and R 3.4.0.

The analysis for sulfur was carried out by
Eshka method [16].

The titre of acidophilic chemolithotrophic
bacteria representatives was determined by
seeding of 10-fold sequential dilutions of the
bacterial suspension on dense media of the
same composition. The stained microscopic
specimen was studied using a Primo Star PC
(Germany) light microscope.

Results and Discussion

The previous studies performing
showed the possibility of microbiological
desulfurization of coal using an aboriginal
association of acidophilic chemolithotrophic
bacteria, and also detected the most influential
factors and their combinations. The conditions
of the experiments that led to the most
significant results are given in Table 3. The
content of sulfur was determined on the 28th
day of cultivation.

The obtained results indicate that
the maximal abundance of an aboriginal
mesophilic association of acidophilic
chemolithotrophic bacteria in all variants of
experiments was recorded already in the first
7 days of experiments. Absolute maximal titre
of microorganisms ((7.3 = 0.7) -10° and (6.8 =
0.6) -10° CFU/ml) was recorded after 7 days of
experiment using 9K nutrient medium with
44.50 g/dm? of FeS0,.7H,0 and the ratio S:L =
1: 10 (Varbs) and 9K* medium with 25.00 g/dm?
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of FeSO, 7TH,O0 at S:L = 1: 5 (Var6),
respectively. However, after 21-28 days of
cultivation, the abundance indices of the
aboriginal mesophilic association of acidophilic
chemolithotrophic bacteria significantly
decreased in all cases. Thus, for variants
of experiments with previously highest
parameters (Varb and Var6), the decrease
in the number was more than two orders of
magnitude — up to (1.6 + 0.1) -10® and (5.4
+ 0.5) -102 CFU/ml, respectively. However,
using a 9K* nutrient medium with a yeast
extract (Var6), a slight repeated increase in the
aboriginal ACB biomass amount was observed
after 21 days of cultivation (Fig. 2, Table 3).
The mixotrophic conditions of this experiment
result in the formation of a more complex
microbial association and, consequently,
in the formation of residual biomass due to
the loss of part of the population. In such
conditions, short-term secondary growth
of the amount of ACB bacteria is possible,
for which this biomass is an additional
source of nutrition. It should be noted that
this variant of the experiment provided the
maximal decrease in sulfur content in coal —
up to 1.40% , which corresponded to 50.35%
(Table 3). This indicates a rather high activity
of the aboriginal association of ACB, aimed at
destroying the stable crystalline structures
of the initial coal in order to use sulfur in
its composition as a source of energy for its
life. This is accompanied by the extraction
in the solution from the initial substrate of
trace elements, which can act as an additional
source of nutrition for the growth and activity
of the aboriginal microbial community of
acidophilic chemolithotrophic bacteria, which
was observed from the 21°% to the 28 day of
the experiment.

Analysis of the influence of the component
composition of media recommended for the
ACB cultivation, the variation of FeSO, 7H,0
concentration and the ratio of S:L on the
growth indices of aboriginal mesophilic
association of acidophilic chemolithotrophic
bacteria and the effectiveness of
desulfurization process, performed with the
usage of unifactor dispersion (Fig. 3, 4) and
correlation (Fig. 5, 6) analysis, as well as
the PCA method, confirmed the existence of
differences between the numbers of bacteria
depending on the factors mentioned and
the intensity of desulfurization process and
allowed us to determine finally the factors that
need to be included in optimization matrix.

The analysis of the obtained results
shows that the same factors contribute to
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Table 3. Indicators of coal desulfurization efficiency at the variation of nutrient media composition

and conditions (S:L)
Research Combination: medium — Indicators measured
; FeS0,7H,0, CFU/ml
index 4 . Seeneral> 70
g/dm” — S:L 7 days 14 days 21 days 28 days &
Letain " " " "
Varl |FeSO,7TH,0 — 15,00 r/nn® | (1:9=0-1D) | (2.7=0.2) | (2.8£0.3) | (2.3£0.2) |4 g5.0 05
SL=1:5 ’ ‘10 10 10 10 "GO
Letai
Varg  |FeSO,-TH,0 — 44.50 r/me® | (1:950:2) | (3.5%0.3) | (9.420.8) | (4.950.4) |; 0. o5
resOy THa : 10 10 10 10 -90=0.
Letai
Vars  |FeSO,TH,0 — 44.50 r/md® | (8-3£0:5) | (5.3%0.5) | (7.8+Q.7) | (3.5%0.3) |} 70, 03
o0 i ' 10 10 10 10 -70=0.
9K
5.3%0.5 5.0+0.5) | (6.7=0.6 6.8+0.7
Vard FeSO,TH,0 — 44.50 r/p® | (2-350:5) | (5:099:5) 1 (6.729-6) 1 (6-550.T) 11 99+0.05
9K
7.3+0.7) | (4.8+0.5) | (3.7+0.3 1.6=0.1
Vars FeSO,TH,0 — 4450 /| (13500 (4:879:5) 1 (3. 778-8) | (16501 95-0.05
IR * s | (6.8+0.6) | (3.2+0.3) | (5.4+0.5) | (9.7=0.8)
Var6 P8O, 7H,0 — 25.00 v/ e 2o o? To® |1.40=0.02

the achievement the maximal titre of the
aboriginal association of ACB (shown in Fig. 3
as a decimal log of the CFU/ml value in 7 days
of the experiment) and desulfurization (in
Fig. 4 in the form of the final sulfur content
in the processed coal Sgeneral,% ). This is the
evidence of the interrelation between these
indicators.
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On the development of ACB aboriginal
association, the presence of KCl (Pearson
correlation coefficient r = 0.77), K,HPO,
(r=0.64), (NH,),SO, (r = 0.57) and Ca(NOs;),
(r = 0.51) have a significant effect, which is
characterized as a positive linear correlation
with a high level of coupling. The presence
of KH,PO,, by contrast, negatively affects

°

Y

Fig. 2. Microphotographs of the microbial landscape of the aboriginal mesophilic association of acidophilic
chemolithotrophic bacteria in Var6 of the experiment during the cultivation period, days:
a—"T;b—14;¢c — 21; d — 28 (magnification x1000)
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Fig. 3. Unifactor dispersion analysis
of the influence of nutrient medium composition,
quantity of FeSO7H,0 and S:L on the titre of
AHB aboriginal association
(Faet = 827.39; Fyi,p = 3.098, at a given P = 0.05)

the growth of the aboriginal association of
ACB, as evidenced by the negative Pearson’s
correlation coefficient (r = —0.56) (Fig. 5).

In examining the dependence of the
desulfurization index on the components of
nutrient media, it was noted that the maximal
effect on the decrease of sulfur amount in
the coal is given by the presence of (NH,),SO,
and Ca(NOy), (r=-0.84). Also important is
the presence of K,HPO,, as it is shown by the
Pearson’s correlation coefficient at the level
of —0.82. The effect of KCl is slightly smaller:
r=-0.57. However, in this case, the presence
of KH,PO,, on the contrary, contributes to the
increase of sulfur in the coal: r = 0.84 (Fig. 6).

It is interesting that the influence of the
energy source (FeSO, 7H,0), according to
the results of the correlation analysis, gives
a multidirectional effect, depending on the
investigated indicator. Thus, its presence
positively affects the growth of the aboriginal
association of ACB, as evidenced by the
Pearson’s correlation coefficient (r= 0.47)
(Fig. 5), however, the presence of FeSO,-7H,0
has an adverse effect on the desulfurization
process (r = —-0.3) (Fig. 6).

The effect of MgS0O,-7H,0 on the studied
parameters is characterized by a weak
negative correlation level, as evidenced by the
Pearson’s correlation r = —0.34 for biomass
growth (Fig. 5) and r = —0.32 for the degree of
desulfurization (Fig. 6).

The use of the PCA method allowed us to
form the certain factor groups based on their
distribution by main components (Table 4).
Thus, according to the data obtained by us,
it can be seen that the first main component
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Fig. 4. Unifactor dispersion analysis
of the influence of nutrient medium composition,
quantity of FeSO,7H,0 and S:L
on desulfurization indicator
(Fgpet = 1116,8; Fi ) = 3,098, at a given P = 0.05)

(PCA1) is (NH,),S0,, K,HPO,, KH,PO, and
Ca(NOs;),. These factors have the greatest
impact on the growth of the aboriginal
association of ACB. Combining the obtained
data by the PCA results with the results of the
correlation analysis, potassium dihydrogen
phosphate (KH,PO,) should be removed from
this group, the presence of which inhibits the
growth of ACB association and contributes
to the maintenance of sulfur in the coal.
The second main component (PCA2) is
MgS0O,-7H,0, KCl and yeast extract. Together,
the first two components account for 92.93%
of the dispersion (Table 4).

A practically identical combination of
factors was noted for the desulfurization
parameter (Table 5).

The energy source (FeSO,-7TH,0) for all
significant parameters (change in bacteria
titre of ACB association and the intensity
of desulfurization process) were classified
in the third main component (PCA3), which
explained from 6.0 to 7.0% of dispersion.

Having obtained all the necessary
indicators for the reasoned formation of
an optimization planning matrix based on
the variance analysis adapted for the plans
in Greek-Latin squares (Table 2), we have
identified the factors and their levels (Table 6).
Thus, to determine the optimal composition of
the solution for desulfurization, four factors
of the nutrient medium components were used:
A — the ratio of salts (NH,),SO, and K,HPO,
with concentrations from 0.1 to 0.5 g/dm?;
B — strain A. ferrooxidans Coal 17,% (volume);
C — YE,% (volume); D — FeSO,7H,0, g/dm?
[11, 14]. Levels of factors are given in Table 6.
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Fig. 5. Pearson’s correlation coefficients () between the titres (CFU/ml in the form of a decimal logarithm)
and the concentrations of nutrient medium components, where F1 — (NH,)»,S0,; F2 — K,HPO4; F3 —
KH,PO,; F4 — MgS0,.7H,0; F5 — KCIl; F6 — Ca(NOj3)y; F7 — YE; F8 — FeS0,.7H,0

F4

F

F7 F3 F9 F5 F2 F1 F& F4 F8

Fig. 6. Pearson’s correlation coefficients () between the desulfurization indicators and the concentrations
of nutrient media components, where F1-(NH,),SO04; F2—K,HPO; F3—KH,PO4; F4-MgSO,7H,0; F5-KCl; F6—
Ca(NO3)2; F7'YE; FS_FeSO4'7H20
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Table 4. Characteristics of the main components and their explicit dispersion
for the distribution of titre index of ACB aboriginal association

Components of nutrient media

Main components

PCA1 PCA2
(NH,),SO, —0.44* i
K,HPO, -0.43 -
KH,PO, 0.44 -
MgSO0,-7TH,0 - 0.57
KCl - -0.46
Ca(NO3), -0.44 -
YE - -0.59
Explicit dispersion, % 61.72 31.21
Cumulative dispersion,% 61.72 92.93

Note. * The negative values of the component indicate the position of the point in the coordinate system of the
main components (PCA); ** “~” means that the load of this factor is insignificant and is less than 0.3.

Table 5. Characteristics of the main components and their explicit dispersion

for the distribution of desulfurization degree indicator

Main components

Components of nutrient media

PCA1l PCA2
(NH4)2SO4 _0.44 -
KzHPO4 _0.43 -
KH,PO, 0.44
MgS0, TH,0 - 0.57
KCl - -0.46
Ca(NO3), -0.44 -
YE - -0.59
Explicit dispersion.% 61.72 31.21
Cumulative dispersion, % 61.72 92.77
Table 6. Levels of factors used in the dispersion analysis adapted
for the plan in Greek-Latin squares
Factors Level 1 Level 2 Level 3 Level 4
A — (NH,),SO,; K,HPO,, g/dm3 0.10:0.10 0.15:0.50 0.30:0.10 0.30:0.50
B — A. ferrooxidans Coal 17,% (volume) 0.0 0.80 1.60 3.50
C — YE,% (volume) 0.0 0.025 0.050 0.075
D — FeS04 7H,0, g/dm3 0.0 15.00 30.00 44.50
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As additional components, the following salts
were used in concentration, g/dm3: KCl —
0,10; MgSO,7H,0 — 0.10; Ca(NO3), — 0.10;
since they are the standard components
of nutrient media for chemilototrophic
microorganisms cultivating [2, 17]. The
process of microbial desulfurization was
performed in a thermostat by stationary
cultivation at pH<2.0; temperature 30.0 =
2.0 °C; within 7 days; the ratio S:L = 1: 10.

According to the results of the
experiments, the optimization parameter the
vector Y (Table 7) was obtained, which included
quantitative measurements of residual sulfur
in the coal after desulfurization process with
appropriate nutrient medium usage (with
the addition of the corresponding amount of
A. ferrooxidans Coal 17 strain with a titre of
1:108 CFU/ml to achieve the maximal effect).

The indicators of the statistical criteria
that were guided during optimization process
are given in Table 8.

Fisher’s calculated criterion clearly
indicates the importance of the factors
A, B and D, since the inequality Fr > Fst
(where Fst is the tabular value of Fisher’s
criterion, equal to 3.49) is observed, and their
statistical significance is recognized at P =
0.05 (Table 8 ). The force of factor influence
was estimated using the Pohinsky formula,
which allows determining what percentage
of the optimization index (Y) variation is
determined by the operating factor. The
calculated factors of the influence force of
the factor were almost equal for the factors
A, B and D (respectively 26.30, 26.13 and
26.70%). The total cumulative percent,
which explains the variation of the indicator
for all factors, was 93.63% . The obtained
value suggests that unrecognized factors that

could affect the change in the desulfurization
index were not detected, i.e., the influence
of extraneous factors, or the existence of
processes that would occur in parallel with the
desulfurization process, are not observed, and
the result is likely depends on the activity of
Acidithiobacillus ferrooxidans Coal 17. The
maximal indexes of influence force of the
factors coincided with those factors for which
significant values of Fisher’s criterion were
determined (Table 8). The calculated Cochran’s
criterion (Gr) in com parison with the table
value (Gst = 0.68) unequivocally confirms the
homogeneity of dispersions for all factors and
at all levels.

Analyzing the obtained factors and
calculated criteria, one can conclude that
the presence of the combination (NH,),SO,
and K,HPO,, the FeSO,7H,0 salt as an
energy source and the addition of the
strain A. ferrooxidans Coal 17 significantly
and practically equally influence on the
desulfurization process intensity. The effect
of the yeast extract was insignificant.

Ranking of factor levels after mathematical
interpretation of the obtained results using
the multiple Duncan’s criterion allowed us to
determine that the factor A (ratio (NH,),SO,:
K,HPO,) at A2 level, factor B (A. ferrooxidans
Coal 17) at B3 level, factor C (yeast extract) at
C2 level and factor D (FeSO,-7H,0 as a source of
energy) at D4 level have the greatest influence on
desulfurization process of coal from mines of the
Lviv-Volyn coal basin (Table 9).

Thus, based on the calculated indicators,
an optimal combination of operating
factors was determined, which should
be used to intensify the process of coal
from the mines of the Lviv-Volyn coal
basin desulfurization: A2B3C2D4. This

Table 7. Desulfurization degree (% ) during optimization according to the plan in Greek-Latin squares

Experiment Experiment
number Y number Y
1 2.30+0.03 9 1.90+0.03
2 1.82+0.02 10 2.20=0.03
3 1.70+0.02 11 1.90+0.03
4 1.65+0.02 12 1.92+0.03
5 1.50+0.02 13 1.82+0.02
6 1.20+0.02 14 2.05=0.03
7 1.95+0.03 15 1.70+0.02
8 2.20=+0.03 16 2.00=0.03
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Table 8. Indicator of criteria that were calculated at optimization the desulfurization process

of coal
Assessment of influence
Factors Fische}"s c;alculat- Cochra.n’s palculat- force.of the fac‘gor
ed criterion (F,) ed criterion (G,) (according to Pohinsky
formula)
A — (NH,),80,:K,HPO,, g/dm’ 5.69 0.47 26.30
B — A. ferrooxidans Coal 17,
% (volume) 3.53 0.43 26.13
C — YE,% (volume) 1.62 0.46 14.50
D — FeS0, TH,0, g/dm? 13.07 0.52 26.70
Table 9. Analysis scheme using Duncan's multiple rank criterion
Factors Factor levels Ranges on demand * (r
A1(1.70) A4(1.75) A3(1.88) A2(1.98) Sy)
A1(1.70) - 0.05 0.18 0.28 0.527
A4(1.75) - - 0.13 0.23 0.550
A3(1.88) - - - 0.1 0.561
B2(1.70) B1(1.80) B4(1.87) B3(1.93)
B2(1.70) - 0.10 0.17 0.23 0.527
B1(1.80) - - 0.07 0.13 0.550
B4(1.87) - - - 0.06 0.561
C1(1.72) C3(1.85) C4(1.86) C2(1.88)
C1(1.72) - 0.13 0.135 0.15 0.527
C3(1.85) - - 0.01 0.02 0.550
C4(1.86) - - - 0.01 0.561
D1(1.60) D2(1.75) D3(1.93) D4(2.03)
D1(1.60) - 0.15 0.33 0.43 0.527
D2(1.75) - - 0.18 0.28 0.550
D3(1.93) - - - 0.1 0.561

Note: *r[3.20; 3.34; 3.41] Sy = 0.16.

corresponds to the final composition of the
nutrient medium, g/dm?: (NH,),S0, — 0.15;
K,HPO, — 0.50; FeSO,-7TH,0 — 44.50; KCI =
0.10; MgS0O,7TH,0 — 0.10; Ca(NOj3), —
0.10; yeast extract — 0.025 % (volume);
A. ferrooxidans Coal 17 strain (titre 1-10%
CFU/ml) — 1.60 % (volume).

When verifying the results, it has been
shown that the final indicator of sulfur
content in the investigated coal entering the
Chervonogradska CEP from the mines of
the Lviv-Volyn coal basin (with stationary
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cultivation at pH<2.0; temperature
30,0 = 2,0 °C; within 7 days; the ratio S:L =
1:10, the nutrient medium of the established
optimal composition) is 0.95%, which
corresponds to a degree of desulphurisation of
66.31%.

Then, applying the mathematical method
of experiment planning, the number of
experiments has been minimized to study
the influence of many factors (in particular,
the composition of the nutrient medium,
the treatment time, the S: L ratio) on the
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desulfurization process of natural coal from
the mines of the Lviv-Volyn coal basin.

According to the results of the work,
it has been established that the combined
effect of certain unrelated factors affects
on the total abundance of aboriginal
mesophilic association of acidophilic
chemolithotrophic bacteria, which, in
turn, is decisive for the efficiency of
desulfurization process.

The composition of the optimized
nutrient medium (ONM), g/dm?® has been
specified: (NH,),SO, — 0.15; K,HPO, —
0.50; FeSO, 7TH,0 — 44.50; KCl = 0.10;
MgSO, 7H,0 — 0.10; Ca(NO3); — 0.10; yeast
extract — 0.025% (volume); A. ferrooxidans
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ONTUMI3AIIS BAKTEPIITHOTX
IECY JIb®YPU3AIIL BYTTJJISA
3 BUKOPUCTAHHSIM MATEMATHYHHIX
METO/IIB

I.A. Braiida, H. FO. Bacuavesa, T. B. Bacuavesa,
JI. I. Criocapenrko, O. 1. IToncamber

OpmecbKuit HAIliOHATBHUI YHiBEPCUTET
imeni I. I. MeurukoBa, YKpaina

E-mail: iblayda@ukr.net

Metoio po6oTu OyJ1a onITHMisalIlisd mpoIiecy OaK-
TepiliHol mecynbdypusalii eHepreTUYHOI0 BYTiJjI-
Jid, 30KpeMa BUBHAUEHHS BILIUBY KOMIIOHEHTHOT'O
CKJIANY *KUBUJILHOT'O CEPEeIOBUIIA Ta YMOB 3[IilicC-
HEHHSA IIPOIECY, 10 3a0e3IeuyioTh MaKCUMAaJb-
HUII PO3BUTOK i aKTHUBHICTL abopureHHol acoriaii
anuaoiTbHUX XeMoJIiToTpohHUX 6aKkTepiii i, AK
HACJiOK, MaKCUMaJbHUN IMOKA3HUK 3HUKEHH
cipkm y Byrisuri 3a minimasnpHUM TepMmin. s ontu-
Misalfii BUKOPUCTOBYBAJIIM METOJ MaTeMaTUUHOTO
IJIaHYBaHHS eKCIEePUMEHTY, aJallTOBAHUH J0 IJIa-
HY I'PEKO-JIATUHCBKUX KBAJAPaTiB, PO3PAXYHKU B
AKOMY T'PYHTYIOTHCS Ha AUCIEPCiTHOMY aHaJisi
(ANOVA). ®opmasibHe IIaHYBAHHA €KCIIEPUMEHTY
TPOBOJUJIN 3 YOTHPMA AifounmMu pakTopamMu (KOM-
TOHEHTAMU JKUBUJILHOTO CEPETOBUIINA) HA YOTUPHOX
piBHAX (KOHIIEHTpaIlill). PodpaxyHKU BUKOHYBaIU
B mporpami Excel. Bubip girounx pakTopis i ix Kom-
GiHaIriit 6yJ10 3p06JiIeHO 3 BUKOPHUCTAHHAM OJHO(DAK-
TOPHOTO IUCIEepPCiiHOro aHaJisdy, KOpeaaliiiHoro
aHaJigdy Ta mMerony rooBHuUX KommoHeHT PCA y
nporpami R 3.4.0 ma mimcrasi pesysabTaTiB more-
PeoHBO MTPOBEAEHUX OIliHIOBAJIbHUX €KCIIePUMEH-
TiB. /18 OTpUMaHHA HANOLIBII 3HAYYIIIOTO eDEKTY
3 Jecyib(hypusallii BAKOPHUCTOBYBaIM A00PUTeHHUH
mram Acidithiobacillus ferrooxidans Coal 17, Bui-
JIEHUH 13 AOCJIiIKyBaHOTO BYTiLIA. 171 KOKHOTO
KOMIIOHEHTA JKMBUJILHOTO CEPEIOBUIIA ITPOBEIEHO
aHAaJIi3 3HAUYIIIOCTi piBHA (haKTOpa Ha mifcTaBi MHO-
SKMHHOT'O PAHT'OBOT0 KpuTepito [lyHKaHa, IIepeBipKu
OJTHOPiTHOCTI AuMcIIepciii 3a JOITOMOTOIO0 KPUTEPiio
Koxpena, a Tako:x 3Hauymiocti paxkTopiB 3a Kpu-
Tepiem Dimepa. B pesynbrarti A4 ONTUMaJIBHOIO
JKUBUJILHOTO CePeNOBUINla PEKOMEHAYBAJIU KOM-
OiHaIiio YMHHUKIB i iIXHiX piBHIB, 110 BigmoBigae
CKJIaLy, I/oM°: (NH,),SO0,— 0,15; K,HPO, — 0,50;
FeSO,7H,0 — 44,50; KCl — 0,10; MgSO,-TH,0 —
0,10; Ca(NOs3); — 0,10; npisxaKOBUH €KCTPAKT —
0,025% (006.); mram A. ferrooxidans Coal 17 (tutp
1-10® KYO/mi) — 1,60% (06.). Ile ymosxiuBII0E
SHUKEHHsI BMicTy cipku y Byriyii Ha 66,31% sa
KOPOTKMI TepMiH (cim 1i6), yoro He MOKHA O0YJI0 10-
CAT'TU paHile.

Knwuosi cnosa: necynbdypusailis, abopurensa
acoriamisa, anmumnodinpai XemomiTorpodHi 6aKTe-
pii, miaH T'PEKO-PUMCBHKUX KBaApaTiB, AUCIEp-
ciliHuii aHais.
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OIITUMU3AIINUS BAKTEPHAJIBHON
JECYJIb®YPUSAIINU YT JIA
C UCIIOJIb3OBAHHWEM
MATEMATHYECKUX METOI0B

H.A. Braiida, H. IO. Bacuavesa, T. B. Bacuavesa,
JI. . Catocapenko, O. U. [[ncambex

OpneccKkuii HAIMOHAIbHBIN YHUBEPCUTET
nmenu Y. 1. MeunukoBa, YKpaunHa

E-mail: iblayda@ukr.net

ITenpro paboThl ObLIA ONITUMU3AIIUA IIPOIlECCA
OaKTepUaTbHOI MecyabhyprusaIiny SHePreTHYeCKo-
T'0 YIJIsd, B YACTHOCTHU OIIpeesieHre BIUIHUSI KOM-
TIOHEHTHOT'0 COCTaBa MUTATEJIHLHOU CpeJbl U YCIOBUM
OCYIIIeCTBJIEHNA ITPOIIECCa, 00ECTIEUMBAIOIITX MAKCH-
MaJbHOE Pa3BUTHE U AKTUBHOCTL aOOPUTEHHOM acco-
MUAITUY aluA0(PMIBHBIX XeMOJIUTOTPOMHBIX DaKTe-
puii u, Kak cJIefCTBUE, MAKCUMAJIbHbIN IT0Ka3aTeIb
CHIJKEeHUS cephl B yIJIe 3a MUHUMAJIbHBIHN cpoK. [l1sa
OIITUMUBAIIY UCIIOIH30BAIN METO MATEMATIUECKO-
T'0 TLJIAHWPOBAHUS 9KCIIEPUMEHTA, aIallTHPOBAHHBINA
K IUIAHY IPEKO-JATUHCKUX KBaJpaTOB, PACUETHI B
KOTOPOM OCHOBBIBAIOTCS Ha AWCIIEPCUOHHOM aHAJIU-
3e (ANOVA). ®opmasibHOE IIIaHUPOBAHNIE DKCIIe-
pUMeHTa TPOBOIUJIN C YETHLIPHMS AeHCTBYIOITUMU
axTopamMu (KOMIIOHEHTAMU ITUTATEJIHLHON CPEIbI)
Ha YeThIpeX YPOBHAX (KOoHIleHTpalumit). PacueTst
OBLLIM BBINOJIHEHEI B rIporpamme Excel. Beibop meii-
CTBYIOIITUX (DAKTOPOB U X KOMOMHAIIMH ITPOBOIUIIN
C WICTIOJIb30BaHUEM OJTHO(MDAKTOPHOTO AUCIIEPCUOHHO-
T0 aHaJIMW3a, KOPPEJIAIMOHHOTO aHaAJNN3a U MEeTo/a
TJIaBHBIX KOMIIOHEHT B mporpaMme R 3.4.0 Ha ocHO-
BaHUM PE3YJILTATOB MPEIBAPUTEIHHO ITPOBEIEHHBIX
OITEHOUYHBIX 9KCIIePUMEHTOB. [[JIs IoTyYeHns Hau-
6ostee 3HAUMMOro0 a(deKrTa Aecyabpypusanuu uc-
TIOJIb30BAJIN a00PUTEHHBIH mTaMM Acidithiobacillus
ferrooxidans Coal 17, BbIe/IeHHBIN 13 CCIEAYEMOTO
yruia. 114 KaKI0ro KOMIIOHEHTa IUTATeILHOI cpe-
JIBI OCYITIECTBJIEH aHAIN3 3HAUNMOCTH YPOBHS (haKTO-
Pa Ha OCHOBAHUY MHOYKECTBEHHOI'O PAHT'OBOI'O KPUTE-
pusa [lyHkaHa, TPOBEPKU OZHOPOIHOCTH JUCIIEPCUIA
¢ moMoIITbio Kputepus KoxpeHa, a Tak:Ke 3HAUMMO-
ctu (haKTOPOB 110 Kputepuio Purrrepa. B pesyabrare
JIJIA OITUMAJIBHOI MUTATEILHON Cpebl PeKOMEHI0-
BaJIu KOMOMHAIMIO (paKTOPOB U UX YPOBHEH, COOT-
BETCTBYIOIIINX COCTABY, I‘/,I[M3: (NH,),S0,— 0,15;
K,HPO, — 0,50; FeSO, 7H,0 — 44,50; KC1 — 0,10;
MgSO,7H,0 — 0,10; Ca(NO3), — 0,10; npok kxeBoit
skcTpakT — 0,025% (006.); mramm A. ferrooxidans
Coal 17 (turp 1-10® KOE/min) — 1,60% (06.). Dro
JlaeT BO3MOYKHOCTb CHUBUTD COZIEPKAHIIE CEPHI B yTJIe
Ha 66,31% 3a KOPOTKUI CPOK (CEMBb CYTOK), 4ero
HeJIb3s ObLIO JOCTUYE PaHee.

Kntouesnvle cnosa: necynbdypusanus, abOpUreH-
Has accoluanusd, anugo(@UuJIbHBIE XeMOJUTO-
TpodHbIe 0aKTEepUU, IJIAH TI'PEKO-PUMCKUX KBa-
IpPaToB, OJUCIIEPCUOHHBIN aHAINS.





