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ABSTRACT

The eco-friendly technique of metal leaching, called,
bioleaching is gaining huge interest in
bio-hydrometallurgical process. This method is a promising
technology for extraction of several valuable metals. In this
investigation, biological extraction of arsenic (As) from
realgar was focused. The bacteria, Leptospirillum ferriphilum
was used as microbial agent. The shaker flask experiments
were done at 180 rpm, with 0.3% (w/v) pulp density. The
temperature and initial pH were maintained at 313 K and 1.5,
respectively. The concentration of Fe(ll) was varied from
1-12 g/L. The influence of Fe(ll) bioleaching of arsenic was
studied. The experiment results explicated that arsenic
bioleaching were greatly affected by Fe(l1) concentration used
in the media. After 30 days, it was observed that 75.42% of
arsenic was extracted at maximum when using 6 g/L of Fe(ll).
Kinetics on the bioleaching data were observed to be the
maximum rate constant value (1.4643 d*) was attained while
using the optimum concentration of Fe(ll). Shrinking core
model (SCM) was used to identify the rate-limiting step.
From the study, it was observed that the bioleaching rate of
arsenic was controlled by diffusion through ash layer.
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1. INTRODUCTION

Arsenic (As) is one of the important minerals that found
abundance at the earth’s crust. It has been observed in more
than two hundred different minerals. Most of the As quantity
is exist in the form of sulfide ores such as arsenopyrite
(FeAsS), orpiment (As,S;3), and realgar (As,S;) [1]. As can
cause poisoning for humans to death if As is swallowed
beyond a certain limit since it is readily absorbed. It seriously
affects instinctive system, nervous and heart. Exposure of As
mainly via the air breathed in can pose to serious threat to
induce cancers. However, As can be applied at wide
application in various fields. Insects such as fungi and
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bacteria are eradicated by the As due to its heavy toxicity that
led to its potential use as preservatives, in specific, for wood.
It is also used for taxonomic sample preservation. As is
known to be good n-type dopant in semiconductor devices.
Gallium arsenide, the optoelectronic compound of As, is most
extensive semiconductor used after doped silicon. As is
extracted from the environment by different methods. The
extracted As can be subjected in to further appropriate
treatment and used for various commercial applications.
Realgar is one of the chief sulfide minerals of As that contains
major quantity of As. In mordent medical world, realgar is
used for the treatment to relapse the chronic myelogenous
leukemia and acute promyelocytic leukemia when the dosage
of soluble As is in judicious quantity. It is also exploited for
curing psoriasis, abdominal pains, and burns [2]. Hence,
realgar can be widely used if the concentration of As is
reduced to appropriate level [3].

Realgar is the most important source of As. Realgar is
commonly subjected into chemical or biological extraction to
leach the As. Chemical leaching is expensive and cause
environmental pollution. Therefore, biological leaching
(bioleaching) is gained huge interest as an alternative method
against chemical method [4, 5]. Bioleaching principle is the
metal extraction using pure or consortium of sulphur
oxidizing and/or iron-oxidizing microbes [6, 7]. Bioleaching
can be potential leaching method for As because its cost
effectiveness and environmentally-friendly process [8]. In the
bioleaching process, Fe(ll) is oxidized to Fe(lll) by
iron-oxidizing bacteria (IOB). The biologically produced
ferric iron is acted as a leaching agent of the sulfide minerals
to solubilize the target metals. This mechanism is explicated
in following equations for the bioleaching of realgar to extract
As [9].

2Fe” +4H"+0, %% | 4Fe* +2H,0 (1)
As,S, +2Fe® 5 2As* +2 S°+ 6Fe?

()

Acidithiobacillus and Leptospirillum are the extensively
employed genus in bioleaching of different metals.



Acidithiobacillus ferrooxidans, A. thiooxidans, A. caldus,
and Leptospirillum ferrooxidans are found to be most
employed bacteria in bioleaching process. Among them,
Acidithiobacillus ferrooxidans and A. thiooxidans are
observed to be most successful microorganisms for the
bioleaching process [10, 11]. Leptospirillum ferriphilum is
the one of the potential microorganisms under the genus
Leptospirillum. So far, a few works have been carried out
using Leptospirillum ferriphilum [12] and researchers
showing huge interest on L. ferriphilum as it can survive at
lower pH and has higher redox potential. The principle
objective of this study is to bioleach the As from realgar
mineral using L. ferriphilum. The impact of energy source
(ferrous iron) supplied to the media on the efficiency of As
bioleaching was observed. Further, the leaching data were
applied to determine the reaction kinetics to measure rate of
bioleaching.

2. MATERIALS AND METHODS

2.1 Realgar mineral particles

A sample of realgar mineral was procured from the mine
sector of Lingshot province (Zanskar, India). It was powered
by lab jaw crusher followed by ball mill. The grounded ore
mineral was sieved to isolate the particle size range from 100
to 1,200 pm using standard sieve sets. These selected particles
were taken for bioleaching examinations. X-ray diffraction
analysis was examined for mineralogical studies to confirm
and determine the composition of realgar present in the
sample. Quantitative analysis of XRD showed that the
mineral sample composed with 12.30% of stishovite,
68.785% of realgar, 2.61% of litharge, 5.78% of tridymite,
3.748% of quartz, and 7.223% of cristobalite.

2.2 Chemical analysis

The realgar mineral sample was under taken to chemical
analysis for determining the comprised constituents in the
ore. The amount of silica, iron, titanium, and manganese
present in the mineral was determined
spectrophotometerically using the appropriate reagents,
ammonium molybdate, 1,10-phenonthroline, hydrogen
peroxide, and periodate, respectively. Amount of sulphur was
estimated after precipitation as barium sulphate using
standard procedure. Amount of calcium was determined by
titration method involving EDTA. Flame photometer was
used to analyze the amount of sodium and potassium present
in the sample. Amount of As present in the realgar was
determined by atomic absorption spectrometer.

2.3 Bacterial strain and media

The bacterial strain, L. ferriphilum, was used in this study.
The strain was isolated from acid mine province at Copper
mines province at Chitradurga, India. The bacteria was
developed in 9K medium comprising 0.5 g/L of K,HPQ,, 0.5
g/L of MgS0O,.7H,0, 3.0 g/L of (NH,),SO,, 0.1 g/L of KCI,
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and 0.01 g/L of Ca(NOQg),. 44.2 g/L of FeSO,.7H,0 was added
as the energy source. Bacterial enrichment was carried out in
the initial pH value 1.5 at 313 K. Molecular characterization
of the strain was found to be 99% identical to L. ferriphilum.
The Nucleotide sequence of isolated L. ferriphilum was
deposited in National Centre for Biotechnology Information
(NCBI), Maryland, USA. The nucleotide submission was
attained the accession number KF743135.

2.4 Bacterial strain and media

To enhance the bioleaching rate, isolated L. ferriphilum was
adapted to realgar mineral. In order to adapt 15% (volume
/volume) of developed culture was sequentially sub cultured
in the 9K media with 1% (w/v) of powdered realgar. Suitable
conditions such as temperature 313 K, initial pH 1.5, and
rotation speed of 200 rpm were maintained for proper growth
of the culture. Using H,SO, (5N), the value of initial pH of the
media was adjusted. The adapted L. ferriphilum was used as
inoculum for further bioleaching process. Analytical grade
chemicals and purified deionized-water were utilized for the
bioleaching examinations.

2.5 Bioleaching experiments

Experiments for As bioleaching were undertaken in 250 mL
conical flask. Each flask contained 9K medium (90 mL) and
well-developed L. ferriphilum cells (10 mL) with initial pH
value of 1.5. The bioleaching process was separated into
different five parts. The concentration of Fe®* was taken that
ranging from 2 -10 g/L in each part. All the conical flasks
were agitated at agitation speed 200 rpm with 0.3% (w/v) of
realgar particles, and the incubation temperature was
maintained at 313 K. In addition, a control study was also
carried out under the same conditions without addition of
bacteria. HgCl, (0.2 g/L) was added as bacterial germicide in
the control experiment. Owing to compensate the evaporation
loss and to maintain the working of 100 mL distilled water
was added to required volume. Each experiment was
conducted in triplicates for a time period of 30 days. The
mean values of the triplicates were calculated and expressed
as results.

2.6 Analytical methods

In the bioleaching process, change in media pH media and
redox oxygen potential were determined at every day using
standard pH meter and platinum electrode with a reference
electrode of Ag/AgCI [13], respectively. During the process,
5 mL of the medium sample was collected every 2-day
interval and centrifuged at 3500 rpm. From the centrifuged
solution, the clear solution was separated by Whatman filter
paper. This centrifuged clear solution was subjected to
determine the leached-out As. Bio-extracted As concentration
of in the aqueous solution was determined using atomic
absorption spectrometer (PerkinElmer; AA200 model). The
efficiency of arsenic extraction, Exs (%), was determined from



the expression Eas = (Ne /Ng) X 100 op \yhere N, is
the concentration of As in the aqueous solution at time t. Nt
refers the total available concentration of As in the realgar.

2.7 Kinetic approaches on realgar bioleaching

The mathematical equation for first-order reaction can be
applied for the As bioleaching, the same is given in Eq. (1).
o = % = kas(Caso = Cased 1)
where kas refers the rate constant for As extraction. While
integrating Eq. (1) with the respective limits of time (t =0 d,
Cast=0and t =t d, Cast = Casy), the outcome relationship
between As concentration and time and was obtained [Eq. 2]:
In (22— =k

Caso — CAs.t (2)

Eq. (2) istherefore applied for determining the value of kas.
Caspo and Cas; are the total concentration of As in the original
realgar ore and concentration of As in leached clear solution
at the time t. From the bioleaching data, using Eq. (2), a plot

of ln[CAs,nf [CAS,D o CAs,r)) vs time was created that
provides the kas value as slope. Using the kinetic analysis, the
rate controlling step was determined through the shrinking
core model (SCM) analysis. In SCM analysis, the expressions
for rate control by ash layer diffusion and rate control by
chemical reaction were developed and given by Egs. (3) and
(4), respectively:

1+2(1 — Xas) — 3(1 — Xae)?® = Kot ----------

1 — (1 — Xa)® = Kot (4)

Where Xas refers the fraction of bio extracted As in the
aqueous solution. ko, is observed constant (time™) for the
respective ~ model. From  the  observed  plots,
1+2(1-Xa9)—3(1—Xas)?® vs time and 1—(1—Xas)*® vs time, the
rate-controlling step was determined based on the regression
analysis.

3. RESULTS AND DISCUSSION

3.1 Chemical analysis of realgar

The chemical analysis of realgar showed that raw ore was
composed with different constituents as follows (% in w/w):
As, 69.2 %; Fe,03, 1.12%; S, 19.1%; MgO, 8.85%; K,O,
0.10%; Na,0, 0.15%; TiO,, 0.11%; SiO,, 10.35%; and MnO,
0.41%. From the analysis, it has been interpreted that the As
consisted at maximum quantity of the mineral.

3.2 pH and redox potential values during bioleaching

Figure 1 shows the value of pH observed in the leachate
during biological leaching process. In the control experiment,
there was a minimal decrease in pH (1.5-1.46) because the
mineral sulphides were chemically oxidized. The pH value
increased primarily from 1.51 to 2.52, 2.6, 2.76, 2.4, and 2.1
in the studies in which the ferrous concentration was varied
from 2, 4, 6, 8, and 10 g/L, respectively. This pH increases
mainly because of the consumption of acid by the realgar.
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After the second day, the gradual decrement in the medium
pH was observed. This decrement in the pH was occurred
because of the production of sulphuric acid in the medium by
the oxidation of components present in the ore [14]. At the
end of the experiment the pH was reduced to 1.52, 1.51, 1.55,
1.49, and 1.48 in the media containing 2, 4, 6, 8, and 10 g/L of
Fe(ll), respectively.

287 —a— Control

—e—2 g/L Fe(Il)
—A—4 g/L Fe(Il)
—v— 6 g/L Fe(Il)
—&— 8 g/L Fe(I)
—<— 10 g/L Fe(II)

2.6

0 5 10 15 20 25 30
Time (d)

Figure 1: The variation of pH at different concentrations of Fe(ll)
during bioleaching

Figure 2 shows the observations of redox oxygen potential
during the As bioleaching. The increment on redox oxygen
potential values from 202mV to 656mV against Ag/AgCl was
steady with the Fe(l11)/Fe(ll) ratio in the bacterial inoculated
flasks whereas the ROP value remained constant (200mV) as
against Ag/AgCl in the control experiment. The maximum
ROP value of 656mV was observed in the flask containing 6
g/L of Fe(ll) concentration. This peak for ROP value was
found to be high because of the bio-oxidation of Fe(ll) to
Fe(111) and maintenance of dissolved state of Fe(l11) was well
supported at 6 g/L of Fe(ll) [15].
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Figure 2: The variation of ROP at different concentrations of Fe(ll)

during bioleaching



3.3 Effect of ferrous concentration on As bioleaching and
kinetics

As bioleaching by L. ferriphilum at various ferrous iron
concentrations with respect to time is presented in Figure 3.
During the experiments, at the control, As was leached about
5.4% after 30 days. However, bio-extraction of As were
reached 68.39, 72.22, 75.52, 64.61 and 59.37% in the flasks
containing 2, 4, 6, 8 and 10 g/L of Fe(ll), respectively. It
cleared that the extraction is much associated with
concentration of Fe(ll) [16]. The experiment results evident
that the concentration of 6 g/L for Fe(ll) could be an optimal
energy source input for the 9K media to the bioleaching
process using L. ferriphilum to attain the improved efficiency.
The speed of bioleaching in term of leaching rate can be
explained as rate constant (kas). Figure 4 depicts a fitting of
leaching data to observe the rate kinetic constant values for
different Fe(ll) concentrations [17]. The corresponding
values of regression coefficient (R%) for the data fitting is
given in Table 1. Since the leaching is positively associated
with Fe(ll) concentration, the rate constant value also
increases with increase in the Fe(ll) concentration until 6g/L.
In the experiments with 2, 4, 6, 8, and 10 g/L of Fe(ll), the
values of rate constant were found to be 1.1144, 1.2801,
1.3633 d, 1.0026, 0.9130 d*, respectively. It is clear that,
with the optimum Fe(l1) concentration of 6 g/L, As leaching
was enhanced and reaches maximum rate. The empirical
models of ALDC and CRC were examined to determine the
rate-controlling mechanism based on SCM [18]. The
graphical fittings of SCM on experimental data was given in
Figures 5a and 5b. From the regression values, it clears that
the leaching data fit much better to the ash layer diffusion
model.
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—a&— Control
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Time (d)
Figure 3: Bioleaching efficiency of As with different concentrations
of Fe(ll)

Table 1: Regression Coefficient value of SCM Models

R? value
Diffusion by  Controlled by

Concentration
(g/L) of
Fe(ll)
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Ash layer Chemical
Control Reaction
2 0.9914 0.8627
4 0.9929 0.8359
6 0.983 0.6958
8 0.9878 0.877
10 0.9784 0.8993
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Figure 4: Graphical fitting for value of rate constant at various
Fe(1) concentrations.
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Figure 5: Plot of extraction data to (a) model for ash layer and (b)

model for chemical reaction control

3. CONCLUSIONS

A study on the effect of energy source on bioleaching of As
from realgar ore using L. ferriphilum was carried out. The
experimental results showed that the bioleaching process is
positively correlated to the concentration of ferrous sulphate
used as energy source in the media. Minimum bioleaching
efficiency of 67.19% was achieved when the experiment was
conducted in the conditions such as initial pH 1.5, agitation
speed 200 rpm, temperature 298 K and concentration of Fe(Il)
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1 g/L. Bioleaching efficiency was observed to be significantly

increasing when Fe(ll) concentration was

increased.

Maximum bioleaching efficiency 74.42% was observed when
6 g/L of Fe(ll) was used for the experiment at the end of 30
days. The maximum rate constant value was found to be
1.3633 d'in the flask containing 6 g/L of Fe(ll). From the
SCM analysis, it was evident that the bioleaching rate is
controlled by ash layer diffusion.
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