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Abstract

This study evaluated the effect of three sulfate salt-based culture media on the reprecipitation of sulfur under the action of
two types of bacterial inoculum, a pure strain of Acidithiobacillus ferrooxidans (ATCC 23270) and a consortium of this strain
and Acidithiobacillus thiooxidans (ATCC 15494), in a biodesulfurization process for coal (particle size < 0.25 mm) from the
‘La Guacamaya’ mine (Puerto Libertador, Cérdoba, Colombia). All of the experiments were periodically monitored, with
measurements taken of pH, cell concentration, iron concentration, and pyrite oxidation. Additionally, mineralogical analyses
were conducted on the initial and final coal samples, through scanning electron microscopy with an energy-dispersive X-ray
spectrometer. The results showed that sulfate reprecipitation occurred primarily, and nearly entirely, during the first 3 days
of the process. While all the treatments obtained high levels of mineral oxidation, the reprecipitation processes decreased in
media with low concentrations of sulfate, leading to the higher final removal of inorganic sulfur. The bioassays revealed that
after 15 days, the maximum pyrite oxidation (86%) and inorganic sulfur removal (53%) was obtained with the treatments
using the Kos and McCready culture media. The bacteria evaluated were found to have a great ability to adapt to very simple
culture media with minimal nutrient concentrations, and even with some nutrients absent (as in the case of magnesium).
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Introduction

The microorganisms that participate in mineral bioleaching
processes are of great interest due to their metabolic diver-
sity and great capacity to adapt to highly hostile environ-
ments. However, in order to complete metabolic pathways,
proper growth, cell material biosynthesis, and energy pro-
duction and maintenance, they require a sufficient availabil-
ity and supply of primary materials and nutrients, appropri-
ate environmental conditions, and adequate control of toxic
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substances, among other factors (Prescott et al. 2004; Rossi
1990). Silverman and Lundgren (1959) initially proposed
the 9 K medium, but it was observed that the excessive con-
centration of certain nutrients promoted the formation of
basic ferric iron hydroxysulfates like jarosite. These generate
adverse effects on the process kinetics, since—among other
problems—upon forming they precipitate on the surface of
minerals, affecting the proper solubilization and recovery of
the metal of interest and seriously impacting the efficiency
of the process (Kaksonen et al. 2014a, b; Nurmi et al. 2010).
Furthermore, this type of material can block pumps, tubes
and valves in bioreactors, generating problems at an indus-
trial level (Gémez and Cantero 2005). Additionally, the
reprecipitation of hydrated iron sulfates in biodesulfuriza-
tion processes causes part of the sulfur that has already been
leached to remain associated to the coal as a different form
of sulfur, decreasing the efficiency of the desulfurization
process as such. It is thus thought that more efficient bio-
desulfurization can be achieved by seeking to understand the
iron precipitation phenomena present in the leaching solu-
tions, in order to identify appropriate strategies for managing
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and controlling the parameters that most influence the proper
progression of this type of process (Casas 2000).

The formation of these precipitates depends primarily
on the pH, the ionic composition, and the concentration of
different compounds in the culture medium (Gémez and
Cantero 2005). Additionally, it is believed that high concen-
trations of cations, ferric ions, and sulfate promote jarosite
formation (Gramp et al. 2008; Cunha et al. 2008). Jarosite
formation can be caused by an excessive concentration of
certain nutrients in the culture media. To decrease these
difficulties, Tuovinen and Kelly (1972) proposed the T&K
medium, which has lower concentrations of these reagents
(Rossi 1990). Other culture media have been developed with
low concentrations of phosphate and sulfate; these have been
employed in the leaching of uranium minerals (McCready
et al. 1986) and different types of coal (Kos et al. 1983;
Rossi 1990).

The goal of this study is to show the evaluation of ferric
iron sulfate precipitated in coal biodesulfurization. Three
culture media were evaluated, holding a different concen-
tration of sulfate salt to assess its influence on this kind of
processes.

Materials and methods

Coal sample, physical-chemical and mineralogical
analysis

The coal used in this study was extracted from the ‘La Gua-
camaya’ mine, located in the municipality of Puerto Liberta-
dor in the Colombian department of Cérdoba. The coal sam-
ple was processed until it reached a particle size or diameter
that passed through 60 mesh (< 0.25 mm).

The proximate analyses were conducted on air-dried basis
(Total sulfur—ASTM D4239; Residual moisture—ASTM
D3173; Ashes—ASTM D3174; Volatile material—ASTM
D3175; Fixed carbon—ASTM D3172; Superior calorific
power—ASTM D5865) and analysis of different forms of
sulfur present in the coal (ASTM D 2492) (ASTM 2007a,
b; ASTM 2008; ASTM 2011a, b, c, d).

To determine the composition and the presence of miner-
als in the coal sample, an analysis of Fourier Transformed
Infrared Spectroscopy (FTIR) was performed using the
spectrometer.

Shimadzu FTIR 8400 S. The sample was crushed up to
200 mesh particle-size and the analyses were carried out in
transmittance mode, 24 scans, resolution of 2.0 cm™!, apodi-
zation Happ Genzel, in a scan range between 400 cm™' and
4000 cm™". The spectra obtained was analysed using Shi-
madzu IR Solution 1.30 software. For the initial coal sam-
ple, the Essential FTIR v3.10.041 software was additionally
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used, which allowed to find the second derivative of the sam-
ple spectrum and identify overlapping peaks.

Culture media

Three culture media reported on the literature were evalu-
ated; they were composed of basal sulfate salts, the T&K
medium (Tuovinen and Kelly 1972), commonly used for this
type of microorganisms, the Kos medium (Kos et al. 1983)
and McCready medium (McCready et al. 1986). The com-
position of these media is shown in Table 1.

Microorganisms

The microorganisms selected for the study were the com-
mercial bacteria Acidithiobacillus ferrooxidans (ATCC
23270) and Acidithiobacillus thiooxidans (ATCC 15494),
sourced from the American Type Culture Collection (ATCC)
and supplied by the Biomineralogy and Biohydrometallurgy
Laboratory (LBB) of the Universidad Nacional de Colom-
bia at Medellin. The two types of inoculum used were pre-
viously adapted to the presence of coal and the different
culture media, through progressive stages. The tests were
performed with an inoculum of the pure strain 10% v/v of A.

ferrooxidans at a concentration of 7.5 x 10% and the consor-

tium composed of 5% v/v of A. thiooxidans at a concentra-
tion of 7.8 x 10® and 5% v/v of A. ferrooxidans at 7.5 108.

Coal biodesulfurization experiments

The coal biodesulfurization experiments were conducted
in 500 mL Erlenmeyer flasks with an effective volume of
200 mL, 10% v/v of inoculum, 10% w/v of coal pulp, an
optimal growth temperature of 30 °C+ 1 °C, initial pH of
1.6 +£0.03, and an agitation velocity of 180 rpm, during a
15-day process. 10% w/v of coal pulp was selected, based

Table 1 Composition of the culture media evaluated

Basal salts Concentrations (g) per 200 mL of

medium

T&K* Kos® McCready®
(NH,),S0O, 0.080 0.007 0.017
MgSO,-7H,0 0.080 - 0.025
K,HPO4 0.080 0.002 0.003
Energy source
dge 0.100 0.100 0.100
FeSO,-7H,0 (g/1 mL) 0.330 0.330 0.330

#Tuovinen and Kelly (1972)
PKos et al. (1983)
“McCready et al. (1986)
4Only for consortia
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on previous research carried out by Caicedo et al. (2011)
and Cardona and Marquez (2009). Besides, this research was
conducted to use these results in a pilot-scale process and
at full scale. The variables evaluated were: (a) Microorgan-
isms: pure strain and consortium; (b) Culture media: Kos,
McCready, and T&K. Assays were performed in duplicate,
counted with abiotic controls for each evaluated culture
medium, characterized by having no presence of micro-
organisms. Each process was periodically monitored by
measuring pH, cell concentration with Neubauer chamber,
iron concentration in solution and reprecipitated iron, using
the standard method 3500-Fe B (Eaton et al. 2005; APHA
1992). The Fe** concentration was determined by measuring
the ferrous ions (Fe?*) and total iron and the concentration
of pyrite in the coal, using the standard method ASTM D
2492. A 32 factorial design was used and the data were
processed with R statistical software. A 3 X2 factorial design
was used, and data processing was done through the statisti-
cal software R version 3.0.3. Through the R software, the
analysis of variance (ANOVA) and comparison of means
with the Tukey test were carried out, and the level of signifi-
cance selected was 0.05 for all analyzes. Statistical analyses
apply to ranges of the variables evaluated and are valid on
the tests conducted in the research. At the end of the process,
scanning electron microscopy (SEM) was performed with
a solid-state detector EDX (Energy Dispersive X-ray Spec-
trometer). In order to characterise the coal sample, it was
used the SEM, JEOL JSM 5910 LV, and the EDX Oxford
model 7324 detector, which allowed to do microchemical
analysis. The conditions used were a 20 kV voltage, on
a length of 10 mm, a 50 spot size, BEC signal, and high
vacuum.

Results
Sulfur forms and proximate analysis of coal

Table 2 shows the primary characteristics and properties of
the type of coal used, found through proximate analysis of
total sulfur and different forms of sulfur.

It can be observed that pyritic sulfur was the most abun-
dant form, corresponding to approximately 50% of the total
sulfur present in the coal.

Fourier Transformed Infrared Spectroscopy (FTIR)

Figure 1 shows the FTIR spectrum for the initial coal sam-
ple. The organic fraction of coal is represented by the bands
at750 cm™', 810 cm™, 1250 cm™', 1372 cm™, 1436 cm™!,
1600 cm™', 2850 cm™!, 2920 cm™!, where aromatic bonds
CH, ether and aromatic esters, aliphatic chains of CH3 and
CH2, aromatic nuclei C=C and carbonyl groups C=0,

Table 2 Proximate analysis on air-dried basis, of total sulfur and dif-
ferent forms of sulfur performed on the coal sample

Characteristics Value
Total sulfur (%) 2.03
Pyritic sulfur (%) 1.02
Sulfate sulfur (%) 0.31
Organic sulfur (%) 0.70
Residual moisture (%) 14.28
Ashes (%) 4.00
Volatile material (%) 38.75
Fixed carbon (%) 42.97
Superior calorific power (cal/g) 5477
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Fig. 1 FTIR spectrum of the initial coal sample

mainly (Longfei et al. 2020; Bhupendra and Barun 2019;
Qiu et al. 2011; Sonibare et al. 2010; Munkhtsetseg et al.
2007; Saikia et al. 2007).

Bands corresponding to Si—O vibrations were observed
indicating the presence of quartz at 471 cm™!, 536 cm™!,
693 cm™!, 760 cm™!, 864 cm™!, 1163 cm™! and clay min-
erals such as kaolinite and illite at 471 cm™!, 536 cm™!,
760 cm™', 864 cm™', 1032 cm™! (Qiu et al. 2011; Sonibare
et al. 2010; Saikia et al. 2007; Suraj et al. 1997; Oinuma and
Kodama 1967). A peak between 3600 and 3800 cm™' cor-
responds to the OH functional group, associated with clay
minerals such as kaolinite (Sonibare et al. 2010; Saikia et al.
2007). The coal sample contains calcium sulfate (gypsum) at
670 cm™! (Schiavon 2007). The presence of OH groups asso-
ciated with jarosite in the initial coal sample at 510 cm™!,
630 cm™', 1090 cm™", 1170 cm™! were also verified (Baruah
et al. 2003). Pyrite was observed at the end of the spectrum,
in the 420 cm™! band (Qiu et al. 2011; Saikia et al. 2007).

With the second derivative of the spectrum, some bands
that could have overlapped in the FTIR analysis were
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identified, and it was confirmed the presence of some min-
erals in the initial coal sample. Bands corresponding to
clay minerals such as kaolinite and illite (3800-3600 cm™!,
1100 cm™!, 1008 cm™', 912 cm™!, 800 cm™'-700 cm™,
529 cm™!) were identified (this analysis is not presented in
this article).

Biodesulfurization process

Figure 2 shows the behavior of pH over time for the different
treatments. In general, the tendency of this parameter in all
of the assays (biotic and abiotic) was to increase during the
first 3 days of the process, and later remain nearly constant
in the treatments in which the pure strain was used.
Meanwhile, for the assays containing the consortium,
after the third day the pH progressively decreased until the
twelfth day, when it finally became stable until the end of
the process. The abiotic controls increased the pH at the

Time (days)

Fig.2 Curve of pH vs. time for the coal biodesulfurization process
using the pure strain (a), the consortium of acidophilic bacteria (b),
culture media in bioassays: T&K (filled square), Kos (filled triangle)
and McCready (filled circle). The dotted lines correspond to the abi-
otic controls
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beginning of the process; it later stabilized until the end of
the process.

Figure 3 shows the behavior of the cell concentration over
time. In all of the treatments, a lag phase was observed at the
beginning of the process.

For the assays with the pure strain, this was followed by
exponential growth until the ninth day with the Kos and
McCready assays and until the twelfth day with the T&K
assay, after which point stability was reached for all treat-
ments. Meanwhile, in the treatments containing the consor-
tium, the exponential phase continued until the end of the
process.

For the pure strain, the maximum cell concentrations
obtained were: 3.1 x 107 cells/mL in the suspensions with
T&K, 2.5% 107 cells/mL with Kos, and 2.0 10 cells/mL
with McCready. Meanwhile, the maximum cell concen-
trations reached for the consortium were: 5.0 x 107 cells/
mL in the suspensions with Kos, 3.7 X 107 cells/mL with
McCready, and 3.0 X 107 cells/mL with T&K.

Figure 4 presents the percentage of solubilized iron
over time. In all the treatments, iron solubilization was
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Fig.3 Cell concentration vs. time. Pure strain (a), consortium (b),
culture media in bioassays: T&K (filled square), Kos (filled triangle)
and McCready (filled circle)
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Fig.4 Percentage of iron in solution vs. time. Pure strain (a), consor-
tium (b), culture media in bioassays: T&K (filled square), Kos (filled
triangle) and McCready (filled circle). The dotted lines correspond to
the abiotic controls

observed from the beginning of the process. This increased
until the twelfth day, after which it had a slight decreas-
ing trend for the pure strain in the assays using Kos and
McCready and an increasing trend for the assay with T&K
until the end of the process. Meanwhile, for the consor-
tium, this parameter stabilized until the fifteenth day.
Finally, for the pure strain, the iron concentrations
observed in solution were 34%, 35% and 38% when the
T&K, Kos and McCready media were used, respectively.
For the consortium, higher solubilization was observed
from the start of the process in the assays with Kos and
McCready, and the highest percentage of iron in solution
was thus observed in these suspensions (40% Fe), followed
by the T&K assay, which obtained 36% Fe in solution.
All of the abiotic controls exhibited iron solubilization
at the beginning of the process (day 3), while the con-
trols with the McCready and Kos media showed a slight
increasing trend until the end of the process, obtaining
final Fe solubilization of 12%. Meanwhile, the control
assay using T&K presented a considerable decrease after

60% A

50%

-
S

% Reprecipitated iron
g v
g ¥

10%

0%

Time (days)

0% 1 B

w -
g B

% Reprecipitated iron
[
(=3
x

10%

0%

Time (days)

Fig.5 Percentage of reprecipitated iron vs. time. Pure strain (a), con-
sortium (b), culture media in bioassays: T&K (filled square), Kos
(filled triangle) and McCready (filled circle)

initial solubilization, which remained constant until the
end of the process.

Figure 5 shows the percentage of reprecipitated iron in
the mineral over time. In overall, the initial phase in all of
the treatments, a considerable reprecipitation occurred, fol-
lowed by the second phase of stabilized reprecipitation, and
finally by a precipitate solubilization phase.

Finally, in the suspensions with the pure strain, the high-
est reprecipitation percentage was observed when the Kos
medium was used (35%), followed by the T&K (34%) and
McCready (31%) treatments. With the consortium, lower
reprecipitation percentages were obtained, which were simi-
lar for all treatments. These were 25% with Kos and 28%
with McCready and T&K.

Figure 6 shows the concentration of ferric ions vs. time.
In all of the tests, an upward trend in the increase in ferric
ions was observed starting at the beginning of the process.
This continued until the end of the process for the T&K
assay, while growth stabilized after day 12 with the assays
using the Kos and McCready media. Meanwhile, the abiotic
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Fig.6 Concentration of Fe** ions in solution over time using the pure
strain (a), the consortium of acidophilic bacteria (b), culture media
in bioassays: T&K (filled square), Kos (filled triangle) and McCready
(filled circle). The dotted lines correspond to the abiotic controls

controls presented a low ionic concentration in solution,
which remained nearly constant throughout the process.
Table 3 shows the analysis of different forms of sulfur
from the treated coal. In quantitative terms, a clear decrease
in pyritic sulfur content can be observed for all of the

treatments, with the bioassay composed of the Kos medium
and any type of inoculum obtaining the highest removal.
Meanwhile, the concentration of sulfur originating from the
sulfates was higher than the content present in the initial coal
sample, and was highest in the suspensions using the T&K
culture medium. Inorganic sulfur depends on the concentra-
tion of pyritic sulfur and on the sulfur originating from the
sulfates in the solution, therefore, it is considered the highest
sulfur removal occurred in the treatments using the Kos and
McCready culture media.

In the presence of the consortium it could be guaran-
teed with greater certainty that high percentages of pyrite
oxidation would be obtained with any of the culture media
evaluated.

The highest percentage of inorganic sulfur removed for
the pure strain occurs in the bioassay with the McCready
culture medium, and when a consortium of acidophilic bac-
teria is used, the suspension with the Kos medium is the
most suitable for removing sulfur.

The results of the ANOVA analyzes was not supported,
however, statistically, testing showed that there were no
significant differences among the different types of culture
medium (p value of 0.12), or inoculum (p value of 0.24)
used. However, the Tukey test found that the above men-
tioned statistical results were due to the high similarity that
existed between the bioassays with the Kos and McCready
media (p value of 0.96), while the results found with the
T&K medium were not equally satisfactory (T&K and
McCready: p value of 0.19; T&K and Kos: p value of 0.14).
This is the reason is due to the highest percentages of inor-
ganic sulfur removal were obtained with the treatments con-
taining the Kos and McCready media.

Characterization of treated coal samples
Figure 7 shows the micrographs corresponding to the ini-

tial coal sample. Using this technique, pyrite was found to
appear in different forms. The highest proportion appeared

Table 3 Different forms of

. S pyritic S sulfate S inorganic Response variable
sulfur for the coal treated with (%) (%) (%)
the T&K, Kos and McCready Pyoxidized S inorganic
culture media in the presence (%) removed (%)
of the pure strain (1) and the .
consortium of aCldOphlllC Initial coal 1.02 0.31 1.33 - -
bacteria (2). T: T&K, K: Kos, Microorganisms Culture medium
M: McCready
A. ferrooxidans T1 0.22 0.54 0.76 78.43 42.86+3.5
K1 0.14 0.50 0.64 86.27 51.88+34
Ml 0.15 0.47 0.62 85.29 53.38+4.2
A. ferrooxidans+ T2 0.16 0.68 0.84 84.31 36.84+2.0
thiooxidans K2 014 053 0.67 86.27 49.62+0.3
M2 0.16 0.53 0.69 84.31 48.12+0.9
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Fig.7 Pyrite microcrystals

(a), euhedral pyrite in the
initial coal sample (b) and EDX
microchemical analysis

UNALMED

as small microcrystals with sizes of around 1 um, which
had mainly cubical shapes and were grouped in an appar-
ently random manner (Fig. 7a) or in a framboidal structure.
Euhedral pyrite crystals (Fig. 7b) that were larger than the
microcrystals (maximum of 40 um) were also observed in
lesser proportion.

Figure 8 shows the SEM micrographs taken of the sam-
ples treated with the different culture media, at the end of
the process. This analysis showed that pyrite dissolution
occurred near the micro- cracks in the coal grains and that
the pyrite framboids transformed jarosite into pyrite pseu-
domorphs. Furthermore, nearly complete corrosion of the
euhedral pyrite crystals was observed.

In addition, from the microchemical analysis (made in
the place where the white arrow indicates, Fig. 8a), the for-
mation of jarosite (K™) and natrojarosite (Na™) is evident.
A percentage of aluminum was also found in this sampling
area, indicating it can precipitate from the clay minerals.

Discussion
Coal biodesulfurization experiments

As noted previously, the results regarding the behavior of
pH over time for the pure strain and the consortium showed
that all of the culture media presented a significant increase

Fig.8 SEM micrographs taken
of the treated coal samples.
Jarosite as a pyrite pseudo-
morph embedded in a coal grain
(a), Grains of corroded euhedral
pyrite with the presence of
jarosita. The arrow indicates the
presence of jarosita (K1) and
natrojarosita (Na™) (b) and EDX
microchemical analysis

UNALMED
20 kV X2,200

20 kv X2,200 80um

in this parameter during the initial days of the process. Since
this initial increase was also seen in the abiotic controls,
this conduct does not seem to be predominantly due to pro-
ton consumption caused by biological oxidation of ferrous
ions, as has been found in other studies from the literature
(Caicedo et al. 2011). Instead, this increase was caused by
the consumption of acid, which led to the dissolution of
some minerals (Kiani et al. 2014; Gémez et al. 1999; Tillet
and Myerson 1987), such as those present in clays, includ-
ing kaolinite and illite. These were found through mineral-
ogical analysis with XRD, FTIR and SEM/EDS (Ye et al.
2018), and could have a greater contribution. Minerals from
clays are characterized by having hydroxyl or oxygen groups
exposed on their edges and surfaces, due to the breaking of
links and to the general loss of the regularity of the crystal-
line structure (L6pez 2012). This permits them to adsorb
protons at an acidic pH, contributing to the initial increase in
the pH of the solution (Manafi 2002; Sarcheshmehpour et al.
2009). Chen et al. (2013) showed that in acidic solutions,
clays prefer to adsorb H* ions over other types of metallic
ions, leaving the heavy metals in solution. Additionally, in
these conditions, clays could dissolve and consume acid, as
proposed by Fitzpatrick and Shand (2008).

Additionally, A. thiooxidans bacteria was found to be
important as a generator of sulfuric acid (Kamimura et al.
2005), since after the initial increase in pH in the sus-
pensions with the pure strain, insufficient protons were

UNALMED
2ekV X2,
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generated to acidify the suspensions, while in the treatments
with the consortium, a decrease in pH was observed during
the process (Fig. 2).

Meanwhile, in the abiotic controls, a small percentage
of iron was observed in solution, which likely originated
from the dissolution of non-pyritic iron present in the initial
coal sample. This solubilization was not originated from
the pyrite, because this is not an acid-soluble mineral and
the impossibility of regenerating Fe>* ions in these abiotic
suspensions provide elements to indicate that pyrite is only
dissolved when ferrous ion-oxidizing bacteria exist in the
environment (Schippers 2007; Rohwerder and Sand 2007,
Olson 1991). In addition, the pyrite is part of the group of
acid-insoluble metal sulphides and to dissolve it basically
requires oxidation processes as a fact (Rohwerder and Sand
2007); and that under acidic conditions in the absence of
bacteria and without considerable amounts of iron ions
(IIT), the leaching processes of pyrite are extremely defi-
cient (Schippers and Sand 1999). The fact that solubilization
remained around 10% throughout the process in the controls
for the Kos and McCready assays, while precipitation prob-
lems were generated after initial solubilization in the con-
trol for the T&K assay, provides evidence of the chemical
solubility problem that likely occurred in the culture media
with high sulfate concentrations. This indicates that the con-
centration of sulfates in the T&K culture medium was more
easily able to induce precipitate formation.

The occurrence of iron precipitation during the initial
days of the process indicates that this precipitation was
likely due to the initial increase in pH and/or to the effect of
the coal on the process (Kiani et al. 2014). This is supported
by the fact that some researchers believe that precipitation
is strongly influenced by factors like temperature, mineral
age, pH and ionic composition (Kaksonen et al. 2014a, b;
Wang and Zhou 2012; Caicedo and Marquez 2013; Nurmi
et al. 2010; Liao et al. 2009; Cardona and Marquez 2009;
Wang et al. 2006).

It is generally accepted that jarosite formation only occurs
at a pH higher than 2.0 and that culture media with a pH
lower than 1.8 can limit the precipitation of this iron hydrox-
ysulfate (Gémez and Cantero 2005; Carranza and Garcia
1990), while the solubility of ferric ions decreases at a pH
higher than 2.5 (Nurmi et al. 2010). However, some research
studies have found that jarosite can form at a highly acidic
pH, even lower than 1.0 (Gramp et al. 2008; Dutrizac 1980;
Babcan 1971), and in environments rich in sulfate (Kak-
sonen et al. 2014a, b). Additionally, other studies have found
jarosite precipitation to occur around pyrite and coal starting
at the beginning of the biodesulfurization process (Cardona
and Méarquez 2009).

Kaksonen et al. (2014a, b) used empirical models to
determine the oxidation and precipitation velocity of iron,
based on the initial pH of the leaching solutions (1.0 to
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2.2). They found that the oxidation of ferrous ions and
the precipitation of ferric ions occurred as a function of
the initial pH of the solution and that this precipitation
increased as acidity decreased. This indicates that an
increase in pH at the beginning of the process, caused by
minerals present in the coal (clays), could have contrib-
uted to the precipitation process in all of the culture media
evaluated.

Although the T&K treatment appeared to have the great-
est tendency toward precipitation, jarosite generation was
observed in all of the bioassays. The final reprecipitation of
iron in the present study was around 38% in all treatments.
This is similar to what has been obtained in other studies,
such as that of Nurmi et al. (2010), who observed precipita-
tion between 30 and 40% in a process of biological oxidation
of low-grade sulfide.

Meanwhile, high pyrite solubilization was obtained dur-
ing this process (86% in the Kos bioassays), while earlier
studies carried out with the same research group using
Colombian coal obtained oxidation of 68% (Caicedo and
Marquez 2010) and 96% (Cardona and Méarquez 2009).
Howeyver, the latter of these studies was conducted with a
particle size of <75 pm, which is a much finer grain than
the one used in the present study (250 um). This contributed
to improving the bioleaching process at the expense of a
larger contact surface area. The results are also satisfactory
when compared with other studies such as that of Jorjani
et al. (2007), who obtained 91.58% oxidation in 11 days
with a pulp percentage of 5% (w/w), using a particle size of
180 um. Meanwhile, He et al. (2012) were able to remove
47% of pyritic sulfur in 30 days in an Erlenmeyer using Aci-
dithiobacillus caldus.

On the other hand, it was observed that when the Kos and
McCready culture media were used in the treatments with
the pure strain, low bacterial concentrations were obtained.
It is likely that the nutrient concentration in the Kos and
McCready culture media was not sufficient for the bacte-
ria or that this concentration was decreased by the jarosite,
which precipitated with some of the culture media nutrients
upon forming (Kiani et al. 2014). Microorganisms therefore
need a balanced mixture of nutrients, and if any of these is
missing or limited, microbial growth decreases, independ-
ent of the concentration of other primary materials in the
culture media (Rossi 1990). Additionally, in the Kos assay,
the absence of magnesium in this culture medium could
have contributed to the generation of low pure bacterial cell
concentrations, since maximum microorganism growth is
thought to depend—among many factors—on an optimal
concentration of magnesium in the medium, particularly in
a simple culture medium (Lodge and Hinshelwood 1939).
Although it has been found that the magnesium require-
ment of gram-negative bacteria is 10 times lower than that
of gram-positive bacteria (Webb 1949), this element appears
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to be essential for the synthesis of cellular material and plays
an important role in cell division (Webb 1949).

Meanwhile, in contrast to what was observed with the
pure strain, in the assays containing the consortium, the
highest bacterial concentrations were obtained in the treat-
ments using the Kos and McCready media. Additionally,
higher bacterial densities were obtained when the consor-
tium was used instead of the pure strain. This can be attrib-
uted to the sulfur that was added to these cultures as a source
of energy for A. thiooxidans, since it has been found that
the addition of sulfur induces new proteins in A. ferroox-
idans cells when these grow with an additional iron source
(Ohmura et al. 1996). Another factor that could have gener-
ated a higher cell concentration when using a consortium is
that phosphate stimulates the growth and oxidation of iron
on bacteria growing in the presence of sulfur (Harahuc et al.
2000). This stimulating effect of phosphate was not seen in
the bioassays with the pure strain, because it has been found
that in the absence of sulfur, this element can have the effect
of inhibiting oxidation and bacterial growth (Harahuc et al.
2000; Ramirez et al. 2004).

Rossi (1990) assert that high microorganism growth
velocities can ensure good mineral oxidation and solubiliza-
tion velocities. However, based on the results of this study, it
can be presumed, as other researchers have determined, that
the bacterial concentration does not affect pyrite oxidation
(at least not in the ranges found here) when this is greater
than 10° cells/mL (Gleisner et al. 2006; Olson 1991). This
can be concluded because the lowest bacterial concentration
was obtained with the assays using the Kos and McCready
media, and particularly using the pure strain, but throughout
the process, these assays presented the highest concentra-
tions of ferric ions in solution, contributing to the mineral
solubilization process (Gleisner et al. 2006; Crundwell
2001). A high concentration of ferric ions in suspensions
accelerates sulfide degradation (Ye et al. 2018), since it
contributes to increasing the quantity of these ions at the
cell-mineral interface or extracellular polymeric membrane
(EPS), thus additionally promoting the adherence of bacteria
to the mineral and accelerating the dissolution process (Yu
et al. 2017; Aguirre 2012; Gémez and Cantero 2005; Kinzler
et al. 2003; Sand et al. 1999).

The fact that high pyrite oxidation values were obtained
despite the fact that high bacterial concentrations were not
observed in all the treatments with the Kos and McCready
culture media could indicate that the degree of oxidation
does not depend on the quantity of cells present in the sus-
pension. It could depend, rather, on other factors such as
maintaining a high Fe**/Fe’* ratio in the medium. In other
words, chemical attack (indirect mechanism) has a greater
impact on this type of process. It can certainly be said that
the pyrite solubilization velocity does not depend on a high
bacterial population existing in the suspension, but rather

on this population presenting significant ion-regenerating
activity.

The bioleaching process effectively decreased the content
of inorganic sulfur present in the initial coal sample. Bio-
desulfurization percentages ranging from 37 to 53% were
obtained for the inorganic forms of coal. Similar research
studies have obtained 50% removal of total sulfur over the
course of 30 days, using an initial 5% (w/w) of pulp and
15% (v/v) of inoculum (Kiani et al. 2014). Ye et al. (2018)
achieved a maximum total sulfur removal of 45.8% after
36 days of treatment in coals from Mongolia, China, using
exotic microorganisms and 10% w/v coal pulp density.

It is important to highlight the great ability of the bacteria
evaluated to adapt to very simple culture media, with mini-
mal nutrient concentrations and even with some nutrients
absent (as in the case of magnesium). The results show that
in a coal biodesulfurization process, significant mineral oxi-
dation can be obtained with any of the treatments evaluated,;
however, media with high concentrations of sulfates promote
reprecipitation processes and do not obtain the same level of
sulfur removal as media with low sulfate concentrations, due
to the fact that jarosite formation promotes high concentra-
tions of Fe** and SO 2~ ions (Gramp et al. 2008; McCready
et al. 1986).

In light of the positive results obtained with the assays
using the Kos and McCready media, these can be considered
a good option that would help reduce costs in processes on
an industrial scale.

Characterization of treated coal samples

The intense corrosion that was observed in the pyrite grains
based on the SEM micrographs of the treated coal (Fig. 8)
was primarily associated with the presence of fractures and
cracks inside the coal grains and with the presence of fram-
boidal sulfide structures. This may be because the fractures
gave rise to an oxidative process, which facilitated the diffu-
sion processes and the contact of the mineral with different
ions and microorganisms involved in dissolution (Gleisner
et al. 2006; Hone et al. 1987). It is also likely that due to
a certain ‘roughness’ present in the cracks, the microor-
ganisms were more easily able to colonize these surfaces,
since this provided them with some protection from the
shear forces and the hydrodynamic stress that is produced
in bacteria by contact with mineral particles (Donlan 2002).
Meanwhile, the framboidal structures, which are highly
porous because they are composed of small microcrystals
and because of the size of these microcrystals (many times
smaller than 1 pm), provide increases in the surface area,
facilitating the transfer of mass and the bacterial and chemi-
cal attack of ferric iron (Donlan 2002).

It has been observed that metallic sulfide dissolution
does not occur at random. Studies of images taken by
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atomic-force microscopy (AFM) have shown that micro-
organisms have an 80% higher possibility of attacking the
sites that present imperfections on the surface of the min-
eral, since different forces of attraction that likely originate
from the metallic ions and the sulfur are released more easily
through the cracks (Kinzler et al. 2003; Rodriguez-Leiva and
Tributsch 1988).

The euhedral form of the pyrite eroded from the edges
toward the inside of the grain during the biodesulfurization
process, thus losing its geometry of well-defined faces. Clear
corrosion furrows were observed, compared with the shapes
found in the initial coal sample. There was also evidence
of the accumulation or generation of precipitates on the
edges and surface of the dissolved pyrite grains, associated
with sulfide bioleaching, as has been seen in other studies
(Kiani et al. 2014; Sampson et al. 2000); this indicated its
reprecipitation.

Conclusions

The increase in pH at the beginning of the process caused
by the minerals present in the coal (clays) contributed to the
precipitation process during the initial days of the biodesul-
furization process.

Pyrite oxidation did not depend only on a high cell con-
centration existing in the suspension, but rather, on that
population presenting significant oxidizing activity.

The nutrient concentration in the culture media and the
minerals contained in the coal are determining factors in the
effectiveness of the bioleaching process, since they signifi-
cantly impact sulfate reprecipitation.

The occurrence of iron precipitation during the initial
days of the process indicates that this precipitation was
likely due to the initial increase in pH and/or the nutrient
concentration in the culture media and the effect of the coal
on the process.

The bioleaching process contributed to decreasing inor-
ganic sulfur content by up to 53% in the treatments with the
McCready culture medium.

Fractures and cracks in the coal grains and the porosity
that was present in the framboidal pyrite structures were
important, since the larger surface area of these structures
likely facilitated oxidation.

Recommendations

The use of media with low sulfate concentrations minimizes
reprecipitation, which not only provides benefits at a process
level, but also could contribute to minimizing costs at an
industrial scale.

@ Springer

Additionally, washing the coal with water at the begin-
ning and controlling pH during the first 3 days of the process
could contribute to diminishing the effect of the clays and
reducing initial precipitation.
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