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Abstract

Electrolytic manganese residue (EMR) is a type of industrial solid waste with a high silicon content. The silicon in EMR
can be used as an essential nutrient for plant growth, but most of the silicon is found in silicate minerals with very low water
solubility, that is, it is inactive silicon and cannot be absorbed and used by plants directly. Thus, developing a highly effec-
tive and environmentally friendly process for the activation of silicon in EMR is important both for reusing solid waste and
environmental sustainability. The aim of this study was to investigate the desilication of EMR using cultures of Paenibacillus
mucilaginosus (PM) and Bacillus circulans (BC). The results showed that the two types of silicate bacteria and a mixed strain
of them were all able to extract silicon from EMR with a high efficiency, but the desilication performance of the mixed PM
and BC was the best. Fourier transform infrared spectroscopy indicated that silicate bacteria can induce a suitable micro-
environment near the EMR particles and release Si into the solution through their metabolism. X-ray diffraction analysis
confirmed that layered crystal minerals, such as muscovite and diopside, were more likely to be destroyed by the bacterial
action than quartz, which has a frame structure. Scanning electron microscopy—energy dispersive spectrometry proved that
the silicate structures were destroyed and that Si in the residue was decreased, indicating the dissolution of silicon under
the action of these microorganisms. This study suggests that bioleaching may be a promising method for the activation of
silicon in EMR.
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Introduction

Electrolytic manganese residue (EMR) is a type of solid
waste generated along with the production of electrolytic
manganese from the electrolytic manganese industry [1].
With the increase in demand for electrolytic manganese and
the decrease in quality of manganese ore, the amount of
EMR increases continuously by 10 million tons per year
and has exceeded 50 million tons in 2016 in China [2]. Cur-
rently, most manganese residue is stored in open air, which
not only occupies vast land, but also seriously pollutes the
surrounding environment [3, 4]. Therefore, the rational use

P4 JiaLi
jiajialil982@aliyun.com

College of Chemical Engineering, South-Central University
for Nationalities, Wuhan 430074, People’s Republic of China

Hubei Province Engineering Research Center for Control
and Treatment of Heavy Metal Pollution, Wuhan 430074,
People’s Republic of China

of resources to reduce the disposal of EMR has important
practical significance.

Silicon is recognized as the fourth nutrient element follow-
ing nitrogen, phosphorus, and potassium by the international
soil community. However, 99% of the silicon in the soil is
found in very low water-solubility silicate minerals, and it is
inactive and cannot be directly absorbed by plants [5]. The
only form of silicon that can be directly used by plants is
monosilicic acid (H,Si0O,), which is called available silicon
(active silicon). Although silicon is the main component of
soil, accounting for approximately 70%, available silicon only
accounts for 0.03% in cultivated soil. At present, more than
50% of the arable land in China lacks available silicon, which
is of importance to the soil [6, 7]. It is impossible to main-
tain the balance of available silicon in the soil because of the
natural weathering of soil silicon and the return of crops to
the field [8, 9]. EMR is an important source of silicon; thus,
using it as a raw material to activate silicon can not only solve
the problem of a serious shortage of available silicon in the
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soil, but also be an effective way to reduce the treatment of
manganese residue [10, 11].

Biological leaching (bioleaching) is a widely noticed and
environmentally friendly tailings disposal technology recently
[12, 13]. Compared with traditional physical and chemical
processes, bioleaching has the advantages of process simplic-
ity, low costs, and environmentally friendly effects [14, 15].
In recent years, it has been found that silicate bacteria, such
as Paenibacillus mucilaginosus (PM) and Bacillus circulans
(BC), have a strong ability to dissolve phosphorus and potas-
sium, fix nitrogen, and leach available silicon [16—18]. Many
studies proved that the effects of microbial species on the
leaching of elements contained in EMR are significant [19,
20]. If a suitable bacterial strain is used, bioleaching could
potentially be a good recycling and disposal alternative for the
utilization of EMR.

In this study, the EMR from a typical manganese ore
deposit in Guangxi, China was used as raw materials, and pure
P. mucilaginosus (PM), pure B. circulans (BC), and the mixed
cultures of them were used separately to activate the silicate
in EMR. The objective of the study was to gain insights into
the desilication of EMR in the presence of different types of
silicate bacteria.

Materials and methods

EMR

The raw EMR samples contain a large number of breakable
lumps and granules without a peculiar smell, and have an
appearance similar to soil. The EMR samples were dried in
an oven at 105 °C for 24 h, and then screened. The elemen-
tal composition and the mineral distribution of the EMR are
shown in Table 1 and Fig. 1, respectively. As shown in Table 1,
the main elements are O, Si, Mn, Ca, S, and Fe, and the con-
tent of Si accounting for the largest proportion is 15.06%.

As shown in Fig. 1, the minerals contained in the EMR
mainly include calcite, silicalite, plagioclase, quartz, and a
small amount of muscovite, diopside, and olivine. The quartz
occupies a large proportion, showing an irregular and scat-
tered distribution, and the particle size is between 0.01 and
0.15 mm. The content of silicalite is also relatively high, and
most of them consist of sub-round pellets, containing diopside
and muscovite. The size of the pellets is 0.05-0.2 mm.

Bacteria culture
Bacterial species

The silicate bacteria used in this study, PM and BC, were
purchased from Cangzhou Wangfa Biological Technology
Research Institute Company Limited, China. According to
the existing reports, these two types of silicate bacteria exert
an excellent decomposition effect on silicate minerals [21-23].

The PM bacteria are Gram negative and their colony char-
acteristics on a flat medium (30 °C, 3 days) are rod and elastic,
with both ends obtuse. The colonies have a smooth surface
with colorless transparent uplifts and sticky colonies.

The BC bacteria on a flat medium are round, as glass balls.
The surface of the bacteria is smooth and protuberant. The
center has a turbid point after a period of culture, while its
edge is transparent. The colonies are thick and elastic, with
colorless transparent uplifts, and can be drawn into filaments.
They are Gram positive.

Medium

The culture medium for fermentation and the culture of sili-
cate bacteria was shown as follows: sucrose 5.0 g, Na,HPO,
2.0 g, MgSO,-7H,0 0.5 g, FeCl; 0.005 g, CaCO; 0.1 g, soil
mineral 1.0 g, distilled water 1000 mL, and pH 7.0 [24]. Soil
mineral: 200 g of soil samples was added to 20% HCI (soil:
20% HCl=1:10), and boiled for 30 min with distilled water
until no CI™ was found.

Bioleaching experiments

A bioleaching system was used to investigate the transfor-
mation of silicon in the EMR. The chemical form changes
in the EMR and the leaching toxicity of metals in the EMR
were analyzed. Flask-leaching experiments were conducted to
obtain optimal parameters for higher transformation rates of
silicon, such as leaching time, temperature, pH, pulp density
[EMR (g)/media (mL)%; (w/v)%], stirring rate, and particle
diameter of the EMR.

First, 90 mL silicate bacteria culture medium was loaded
into 250 mL conical flasks after sterilization. The EMR with
an average particle diameter of 0.150 mm was then added
to the conical flasks with the inoculation of different types
of silicate bacteria (pure PM, pure BC, and 5 mL+5 mL
mixed cultures of them) in the logarithmic growth phase to
ensure an initial bacterial concentration of approximately

Table 1 Main elements of the
raw EMR

Elements Si Mn

Ca Fe Al K Na Mg P Zn

Content (wWt%)

15.06  4.46

9.94 6.75 1.32 0.78 0.14 1.06 0.007 0.02
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Fig. 1 Mineral composition of
the raw EMR

1x107 cells mL~". Under the conditions of a temperature of
30 °C, solution pH 7.0, 5% pulp density, and stirring rate of
210 r min~!, the effects of the leaching time on the content
of the available silicon were investigated. Thus, the optimal
leaching time was employed, but the temperature, pH value,
pulp density, stirring rate, and particle diameter were altered
in turn to explore the desilication effect of the EMR. All the
experiments were repeated three times. The SiO, concentra-
tion, pH, and bacterial concentration in the leaching solutions
were measured daily. The EMR was placed into 90 mL silicate
bacteria culture medium after sterilization (121 °C, 20 min) as
the control groups.

Treatment of leaching residues after bioleaching
The bioleaching experiments were conducted under the opti-

mal conditions for 8 days and 16 days. Then, the remain-
ing residues were rinsed twice with deionized water (pH 2,

3
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which was adjusted using the sulphuric acid solution) at the
ratio of water/residue (v/w) as 10:1 (mL g~!). The residues
were then dried in an oven at 105 °C after filtration.

Analytical methods

The silicon—molybdenum blue spectrophotometry (Shang-
hai Guangpu Company, China, 721E spectrophotometry)
was used to determine the concentrations of silicon in the
leachates during the bioleaching process. The pH measure-
ments were carried out using a pH meter (PHS-3C, Shanghai
Ray Magnetic Instrument Factory, China). The populations
of bacteria in the bacterial culture medium and the leach-
ing solution were determined by the plate count method
using an XS-212 biological microscope (Nanjing Jiangnan
Yongxin Optical Instrument, China). The micromorphol-
ogy and the mineral composition of the EMR before and
after bioleaching were observed with a scanning electron
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microscope (SEM) (SU8010, Hitachi High-Technologies
Corporation, China), an X-ray diffraction (XRD) (D8
ADVANCE, BRUKER Corporation, Germany), and a
poloidal reflectance microscope (Nikon LV100POL). The
Fourier Transform Infrared spectra (FTIR) (Nicolet Nexus
470, Perkin-Elmer, America) of the bioleaching liquid in
the range of 4000—-500 cm™! were recorded for qualitatively
investigating the differences in the functional groups of the
leachate in different leaching systems (control groups and
experimental groups).

Results and discussion
Growth of bacteria

The bacterial growth curves of PM, BC, and mixed PM and
BC are shown in Fig. 2. They show similar growth trends.
The lag, logarithmic growth and stable periods of PM and
BC were 0-12 h, 12-78 h, and 78-108 h, respectively, and
the decay phases start at 108 h. The growth curve of mixed
PM and BC is consistent with that of PM or BC.

Figure 3 shows the pH changes versus time during the
growth of bacteria. The pH values correlate strongly with
the bacterial growth in the culture media. In the logarithmic
growth and stable periods, the pH values decrease rapidly,
from the initial 7.0 to the lowest pH of 4.3, 4.8, and 4.1
for the PM, BC, and PM + BC cultures, respectively. After
approximately 102 h, the pH in the media begins to recover
slowly, and the final pH values are stable at 4.8, 5.1, and 5.0
for the PM, BC, and PM + BC cultures, respectively, which
implies that the bacteria in the logarithmic growth and stable
phases can produce acids. However, due to the consumption
of nutrients, the produced acids (the production of acid due
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Fig.2 Growth curves of different silicon bacteria
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to the metabolism of bacteria during the growth of microor-
ganisms) lead to a poor nutritional environment later [25],
and then, the silicon bacteria have to use metabolism-prod-
ucts such as organic acids produced by themselves, which
results in a slight increase in pH during the later growth
stage.

Bioleaching of EMR

Effect of the leaching time on the content of available
silicon

Figure 4 shows the effect of the leaching time on the con-
tent of available silicon. As seen, the content of available
silicon in the control group is relatively stable, indicating
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Fig.4 Effect of the leaching time on the content of available silicon



Bioprocess and Biosystems Engineering (2019) 42:1819-1828

that the silicate cannot be leached without the bacteria. The
content of available silicon in the experimental groups obvi-
ously increases with the increase in leaching time, and the
data trends are consistent for the three types of bacterial
cultures. The best leaching performance for the available
silicon is achieved by the mixed PM and BC culture with
the available silicon of 163.3 mg L' compared to 139.4
and 133.1 mg L~! for PM and BC, respectively. Overall, the
leached amounts of available silicon remain relatively stable
after 16 days. Hence, 16 days was chosen as the optimal
reaction time for biological leaching.

Effect of the temperature on the content of available silicon

The effect of temperature on the content of available sili-
con and the bacterial population is shown in Fig. 5. The
influence of temperature on desilication is significant. The
available silicon caused by these three types of cultures has
a strong correlation with the bacterial growth. The results
show that the optimal temperature for the bioleaching of sili-
con is 30-35 °C, and the bacterial population in the leaching
solution could be maintained at >3 x 10° cells mL~'. How-
ever, when the temperature is below 20 °C or above 40 °C,
the silicate bacteria cannot grow well and this results in the
unsatisfactory results of desilication for EMR.

Effect of the initial pH on the content of available silicon

The effect of the initial pH values of the bioleaching solu-
tions with different types of bacterial cultures on the content
of available silicon is shown in Fig. 6. As shown, the control
group has lower pH values, but a higher content of available
silicon in the leaching solutions. In the three experimental
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Fig. 6 Effect of initial pH on the content of available silicon

groups, the content of available silicon decreases after a
sharp initial increase. Afterwards, it becomes stable and
remains at approximately 80-90 mg L~!. The best desilica-
tion result is obtained at pH 7.0. Therefore, the optimal pH
for available silicon leaching is determined.

Effect of the pulp density on the content of available silicon

The effect of pulp density on the content of available silicon
is shown in Fig. 7. It is observed that the content of avail-
able silicon is approximately negatively related with the
pulp density. When the pulp density is 5%, the maximum
content of available silicon can be obtained, and the specific
concentration is 138.8, 134.3, and 164.3 mg L~! with the
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Fig.5 Effect of temperature on the content of available silicon and the bacterial counts
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PM, BC, and mixed cultures, respectively. The effects of the
pulp density on the content of available silicon mainly lie
in the following two aspects in the leaching system. First,
the pulp density affects the concentration of O, and CO, in
the bioleaching solution. It was reported that a pulp density
under 5% would not have influences on the transfer speeds of
0O, and CO, in an agitation leaching system, but the oxygen
consumption rate of microorganisms would be higher than
the gas—liquid mass transfer rate when the pulp density is
high, resulting in an oxygen deficit of the leaching system
[26]. When the pulp concentration reaches 25%, the dis-
solved oxygen in the system decreases significantly, which
would seriously affect the growth of microorganisms and
result in the decrease in available silicon [27]. Second, the
pulp density would affect the activity of bacteria. A higher
pulp density would lead to less biomass per unit mass of
pulp. Moreover, the friction between solid particles and the
fluid shear stress would increase with an increase in pulp
density, which would cause mechanical damage to microbial
cells, prevent microbial reproduction and metabolism, alter
the structure of extracellular proteins, and even destroy the
cellular and ecological structure [28]. This result explains
the trends of available silicon with the pulp density in our
experiments and the optimal pulp density in the study was
chosen to be 5%.

Effect of the stirring rate on the content of available silicon

Figure 8 shows the effect of the stirring rate on the content
of available silicon. The content of available silicon in the
control group indicates that the stirring rate does not have
significant effects on the silicon leaching. However, the
measured contents of available silicon in the three experi-
mental groups reach very high levels, i.e., 129.9, 136.3, and
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164.3 mg L~ with PM, BC, and the mixed PM and BC at
210 rpm, and they reversely decrease as the stirring rate is
increased from 210 to 240 rpm, mainly because the EMR in
the bioleaching system can be fully exposed to bacteria with
the increase in the stirring rate, but an excessive stirring rate
would cause mechanical damage to bacteria and result in a
decrease in the content of available silicon [29].

Effect of the particle diameter on the content of available
silicon

The effect of particle diameter on the content of available
silicon is shown in Fig. 9. The leaching efficiency should
be associated with the specific surface area of solids in the
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bacterial leaching process. Theoretically, the smaller the par-
ticle diameter of ore, the larger the specific surface area, the
more favorable for microorganism to contact with the ore,
which is beneficial to improve the leaching rate and reac-
tion speed. Therefore, the greater leaching efficiency can
be obtained [30, 31], which is consistent with the results
of experiments with particle diameters above 0.150 mm.
However, in our study, the leaching rate of the available
silicon increases, as the particle diameter rises in the range
of 0.075-0.150 mm, which is attributed to the nature of the
EMR itself. The smaller particles would have larger surface
areas to adsorb the specific materials containing silicon, and
it is easier to prevent dissociated compounds from entering
the solution. Thus, the available silicon on the surface of
the EMR cannot be released easily. The contents of avail-
able silicon for the three experimental groups all reach their
maximum as 144.4 and 132.1 mg L™! with pure PM and
BC, respectively, with a particle diameter of 0.150 mm. The
mixed bacteria yield the best content of available silicon, up
to approximately 157.3 mg L™!. Thus, the particle diameter
of 0.150 mm was selected as the optimal diameter for the
EMR.

Characteristics of the samples
during the bioleaching process

FTIR analysis of leachate

The FTIR spectra of the leachate in the control and experi-
mental groups (16 days leaching with mixed PM and BC) are
shown in Fig. 10. It is observed that the functional groups
in the leaching solution have obvious changes after the bac-
terial action, although the rough shapes of the spectra are
consistent. An obvious peak appears at 1079.94 cm™' for
the experimental sample, which is ascribed to the Si—O-Si
antisymmetric stretching vibration, which may be due to
the polysaccharides produced by bacterial metabolism or
other organics, such as the amide group C-N, combining
with quartz [32]. The bending vibration peak of Si-O-M
(M represents metals) at approximately 617.11 cm™' in the
experimental samples is stronger than that of the control
group, indicating that the silicate materials have combined
with metals to form complexes in the process of bioleaching.

In addition, the FTIR spectra of leachates in the experi-
mental group and the control group exhibit the presence of
carbohydrates, where an O-H stretching vibration absorp-
tion peak (strong and wide) is centered at 3378.67 cm™!
in the experimental group. This result illustrates that both
groups of leachates have abundant O—H bonds. Moreover,
there are stretching vibration absorption peaks of C=0
(1673.91 cm™!) and —CH, (1434.78 cm™). As for C=0, it
was found in both groups, which may be the organic matter
produced by bacterial metabolism in the original EMR, and

Control
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WN/em™!

2000 1500 1000 500

Fig. 10 FTIR spectra of leachates after bioleaching

it still exists in the system even after the sterilization treat-
ment. For —CHj, the intensity is different between the two
samples. It is obvious that the peak of -CHj; in the experi-
mental group is more acute, indicating that more —CH;
groups are generated in the system under the experimental
conditions.

XRD analysis of bioleaching residues

Figure 11 shows the XRD spectra of the raw EMR sample,
the control and the experimental samples after bioleaching
with mixed PM and BC for 8 days and for 16 days. The
results indicate that the characteristic peaks of quartz in
the raw EMR samples are clear and strong. The peaks of
muscovite, rhodonite, and diopside are also detected, but
the diffraction absorption peak intensity is much weaker
than that of quartz. After bioleaching, the characteristic
peaks of muscovite, quartz and diopside become weak, and
even disappear, while some new characteristic peaks of the
secondary minerals can be found. This result is due to the
mineral weathering by silicate bacteria, which causes the
decrease in crystal silicate composition [33]. In addition,
muscovite, with a layered crystal structure, is more likely
to be destroyed by the bacterial action than quartz with a
frame structure, to release the contained silicon [34, 35].
It is suggested that in the presence of a variety of silicate
minerals, the microorganisms have a certain selectivity for
the dissolution of minerals with different crystal structures
[36-38]. By comparing (c) and (d) in Fig. 12, it can be seen
that the decreasing trend of some mineral peaks becomes
more obvious and some even disappear with the increase in
reaction time. Taking silicate minerals as an example, the
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Fig. 11 XRD spectra of EMR: a raw EMR sample; b control group;
¢ EMR after bioleaching for 8 days; d EMR after bioleaching for 16
days

peak of quartz decreased significantly after bioleaching for
16 days, and the peak of muscovite also changed. This result
indicates that the silicate bacteria have further improved the
leaching of silicate minerals within the reaction time of 8—16
days, which is consistent with the partial results of the opti-
mum experiment. Regarding the XRD spectra in this study,
the change in the characteristic diffraction peaks of silicate
minerals can only be preliminarily qualitatively analyzed,
which only reflects the mineral weathering by the silicate
bacteria, and the specific leaching mechanism of silicon
requires further research.

SEM-EDS analysis of bioleaching residues

The SEM pictures of different samples are shown in Fig. 12.
As shown from Fig. 12a, b, the clear lamellar frameworks of
silicate minerals in the raw EMR are observed, and the crys-
tal structure is intact. For the samples in the control groups
(Fig. 12c¢, d), it can be seen that the surface morphology of
the particles was changed slightly. The lamellar structure
becomes weak, but it is still angular and significantly uneven
in shape, and the whole surface of particles remains in a rel-
atively integrated crystal form. However, after the bioleach-
ing with mixed PM and BC for 16 h, the experimental group
shows obvious changes in mineral surface: the initial lamel-
lar structure of minerals disappeared and was converted into
a relatively smooth irregular block structure (Fig. 12e, f).
Moreover, the larger particles in the bump were broken into
smaller and more angular particles. The original mineral

@ Springer

crystal structure is destroyed, especially for the uneven parts,
such as corners and gaps. By comparing Fig. 12a and e,
it can be observed clearly that the lamellar frameworks of
silicate minerals in the raw EMR samples have almost dis-
solved. Then, the tiny particles and the amorphous materials
have significantly increased after bioleaching, and the parti-
cles were bonded together to form the flocculent structures
by comparing Fig. 12b with f, which can be speculated that
this is caused by the crosslinking action of the extracellular
macromolecular materials produced by the bacteria.

Figure 12g-i presents the EDS multipoint scanning point
analysis and the surface element quality score statistics for
the samples in Fig. 12a, c, e, respectively, after cleaning and
drying. As seen, Fig. 12g indicates that the main composi-
tion of the raw EMR samples is C, O, Si, S, and Ca. As for
the control groups (Fig. 12h), C, O, Si ,and Fe account for a
considerable proportion, while the main elements are C, O,
and Fe for the sample in the experimental group (Fig. 121i).
As shown in Fig. 12g—i, the relative content of Si in the dif-
ferent EMR samples is somewhat different. Especially, in the
experimental group (bioleaching for 16 days), the relative
content of Si is reduced from the initial 28.82 to 1.67% under
the effect of bacterial growth and metabolism. The results
affirm that the silicate bacteria can release Si from the EMR
into the solution through metabolism, which can convert
the inactive silicon in the EMR to the available silicon in
the leaching solution.

Conclusions

This study demonstrates that bioleaching is a highly effi-
cient feasible method to activate silicon in EMR using PM
and BC. It is shown that the maximum concentration of
the available silicon in the solution is up to approximately
160 mg L', 140 mg L', and 130 mg L~! using mixed
strains of PM and BC, PM and BC, respectively, under the
optimal conditions. FTIR indicates that the silicate bacteria
can cause a suitable micro-environment near the EMR par-
ticles and release Si into the solution through metabolism.
XRD reveals that the transformation of silicate minerals
occurs during bioleaching. Especially, the layered crystal
minerals, such as muscovite and diopside, are more likely
to be destroyed by the bacterial action than quartz with a
frame structure. SEM-EDS demonstrates the morphological
changes on the surfaces and the alterations of the mineral
composition. Particularly, the content of silicon in the EMR
has decreased obviously after bioleaching, which is the theo-
retical foundation of using bioleaching technology to realize
the activation of silicon and resource of EMR. Further stud-
ies need to be conducted to investigate the potential applica-
tions of bioleaching in the treatment of other solid wastes.



Bioprocess and Biosystems Engineering (2019) 42:1819-1828

1827

Tninkh
508000 100KV 10. 1mm x20. 0k SE(U) i SU000 10 0k¥:10:2mm x10.0k SE(U),

<

8
SUB000 10.0KV 10. 1mm x20.0k SE(U) Ry SU8000 100KV 10.1mm x10.0

cledaxsZigenesisigenmaps.spc 08-an 2018 H:51:46

1 Element Wt%
CK 09.87 16.35
- OK 40.67 50.61
o FeL 01.79 00.64
" AIK 01.99 01.47
SiK 28.82 20.43
<9 SK 07.84 04.87
CaK 06.83 03.39

LR MJJ MnK 00.00 00.00
1 Y
3.00 400

° T y ' T
100 200 X 500 600 700 800 .00
Energy - keV

cledaxiZgenesisigenmaps.spe 08-Jan-2018 11:08:50
o LSecs : 120

567 ( .
Element Wt%

w1 CK 14.04 24.98
NK 03.44 05.25
i OK 33.51 44.77
MnL 02.65 01.03
1 FeL 30.13 11.53
wl el || A 02.61 02.07
I‘Ltt,,,fd SiK 13.62 10.36

M T e

100 200 300 400 600 600 700 800 900
Energy - keV

CedaxIZgenesisIgenmaps. spc 06-Jan. 2018 11:48:63

01, (1) Element  Wt%
CK 2513 3531
o NK 03.00 04.11
OK 36.81 44.10
1 FeL 21.29 07.31
SiK 01.67 01.14
s PK 04.59 02.84
W ” SK 02.10 01.26
\ MnkK 04.91 01.71

Fe o
'
;‘L f'l.uﬁiu LT n 2
100 200 300 g‘;.bf,,,,:‘é," 600 700 800 900

Fig. 12 SEM-EDS spectra of the raw EMR (a, b, g), control group (c, d, h), and leached EMR after bioleaching for 16 days (e, f, i)
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