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The present study was done to check the bioleaching feasibility of brown shale for the recovery of
copper (Cu), aluminum (Al), magnesium (Mg) and manganese (Mn) ions using Ganoderma lucidum.
Different experimental parameters were optimized for the enhanced recovery of metals ions. Effect of
different substrates like glucose, molasses, saw dust and cotton seed cake on the recovery of metals
ions was investigated under shaking as well as non-shaking conditions. Significant difference in
leaching of metal ions by G. lucidum was observed under shaking and non shaking conditions.
Maximum leaching of Al (90.7%), Mg (96.46%), Mn (66.3%) and Cu (73.45%) was observed using glucose
under shaking conditions with 5, 3, 4 and 3% pulp densities respectively. The results show that
maximum solubilization up to 68.89, 77.03 and 38.37% was achieved for Cu, Al and Mg ions respectively
using molasses as substrate, whereas, 57.74% recovery of Mn was achieved with saw dust. The
recovery of metal ions indicated that this low grade discarded ore may be a potential source of metal

ions in future.
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INTRODUCTION

In current scenario, world demand for metals is growing
fast from low grade ores and wastes due to depletion of
high grade ores. Minerals industry is increasingly faced
with the need for economic extraction of metal ions from
low-grade ores. As millions of tonnes of low-grade ore
and copper-rich tailings await the development of an
efficient and economic extraction process, the recovery of
metal ions from low and lean grade ores, such as shales
and schist, by conventional techniques is very expensive
due to high energy and capital inputs. Moreover, the
conventional technologies are associated with environ-
mental hazards. As environmental standards regarding
toxic wastes continue to establish, the costs for ensuring
environmental protection continue to rise (Devasia and
Natarajan, 2004; Pradhan et al., 2006; Anjum et al,,
2009).

Microbial technology offers an economic alternative for
the mining industry, at a time when high grade mineral re-
sources are being depleted (Rawlings, 2004). Generally,
bioleaching refers to the conversion of metals into their

*Corresponding author. E-mail: shazianouren@yahoo.com.
Fax: +92-41-9200764.

water soluble forms by microorganisms (Rawlings et al.,
2003; Olson et al., 2003; Ndlovu, 2008). Brown shales
undergo chemical leaching and the metal dissolution
processes are also mediated by microorganisms.
Microorganisms like heterotrophs require carbon as an
energy source, and this requirement can be fulfilled using
organic wastes. Acidolysis, redoxolysis and complexo-
lysis are the principal mechanisms in bioleaching of
metals by fungi. The fungus produces organic acids such
as citric, oxalic, malic and gluconic acids during
bioleaching (Mulligan et al., 2004; Johnson, 2006). Most
active leaching fungi which have been isolated and used
are from the genera Penicillium and Aspergillus
(Burgstaller and Schinner, 1993). Experiments have
shown that Aspergillus niger exhibited good potential in
generating organic acids (oxalic, citric, malic and tartaric
acids) effective for metal solubilization and maximum
solubilization of 68 , 46 and 34% have been achieved for
copper, zinc and nickel, respectively (Catherine et al.,
2004). Whereas Penicillium simplicissimum has been
widely used for bioleaching of valuable elements (Al, Co,
Cu, Ni) from ores (Sukla, 1993) and Penicillium citrinum
has been used for 64.6% removal of Mn from low grade
magniferous ores (Acharya et al., 2004).

G. lucidum is a basidiomycete belonging to Poly-,



Poraceae also known as “Ling Zhi”in china and “Reishi” in
Japan. Because of its high medicinal value, G. lucidum
has received wide popularity as a health and medicine in
the Far East for a long time. No enough attention has
been given towards its bioleaching capabilities. In 1965,
Takao screened organic acid producing strains of
basidiomycetes and found that oxalic acid was the main
acid along with citric and tartaric acid. Yang (2005),
investigated about the Ganoderic acid production by G.
lucidum. These acids may be helpful for leaching metals
by complexation.

Brown shale is a very fine-grained sedimentary rock
which has been formed by the consolidation of beds of
mud, clay or silt along with residues of algae, bacteria
and other life forms that lived in the sea. These are com-
posed chiefly of clay minerals, quartz, and illite (Bohacs
et al.,, 2000). Pakistan has huge reserves of black and
brown shale deposits that is, the Foothills of Himalayas at
Lagarbon, in Karakoram valley at Shishi Gol and South of
Mirkhani, Kakul in Hazara District, the Chitral areas as
well as the Turbela areas (Ahmad, 1969).

The main concern of the present research work was to
explore the ability of microbes like G. lucidum to extract
metal ions like Al, Mg, Cu and Mn from brown shale using
different experimental strategies and agriculture wastes
as substrates.

MATERIALS AND METHODS
Brown shale sample

Brown shale ore sample was obtained from Mineralogical Centre
Chakwal, Pakisan. It was alkaline (pH 7.8) and insoluble in water.
The sample was oven dried and ground to 200 mesh size by ASTM
sieving machine. Elemental analysis was carried out by atomic
absorption spectrophotometry (Perkin Elmer, A Analyst 300). Raw
sample of brown shale mainly composed of (mg/kg) Ca 869, Al
365.4, Mg 247.4, Cu 147, Mn 95.8 and Ni 43.7.

Fungal strain and growth conditions

G. lucidum was procured from Industrial Biotechnology Laboratory
(IBL), Department of Chemistry of Biochemistry University of
Agriculture Faisalabad Pakistan, It was then propagated and main-
tained on potato dextrose agar (PDA) slants (3.9%) as described by
Bosshard et al. (1996) and stored in an incubator (Incubator, Sanyo,
Germany) for 72-96 h at 30°C to produce an adequate growth. For
growth in liquid medium, the culture medium consist of (g/L): 0.22;
ammonium tartarate, 0.21; KH,PO,4, 0.05; MgS04.7H.0, 0.01;
CaCl,, 0.001; Thiamine, 0.08; CuSO., 0.05; H.MoO4 0.07;
MnS04.4H,0, 0.043; ZnS0,.7H20, 0.05; Fe(SQO4)s and then10 mL
of 10% Tween 80, 10 mL of 100 mM veratryl alcohol, 1mL of
chloramphenicol was added and volume was made up to 1000 mL
with distilled water (Bibi et al., 2009). Four sets of 250-mL flasks
were prepared containing 100 mL of liquid medium each in triplicate
samples. Medium in each flask was autoclaved at 121°C for 15 min.
After sterilization, 5% of given substrate was added in each flask
then inoculated with 1 mL of G. lucidum spore suspension as
inoculum (approximately 1.9 x 10° spores/mL ). All the flasks were
sealed with removable cotton and incubated in an orbital shaker
(Gellen Kamp, England) at 30°C at an operating speed of 120
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rpm for 15 days.

Sources and pretreatment of substrates

Glucose (filtered) was used as substrate in medium A. Molasses
obtained from local sugar industry was diluted (50% v/v) and after
autoclaving was used as substrate in medium B. Sawdust obtained
from a local workshop and cotton seed cake from local grocery
were ground and oven dried and then used as substrate in medium
C and D respectively (Table 1). These agricultural wastes were
immersed in sulfuric acid of pH 2 for 24 h. The amount of these
substrates was constant in all the flasks.

Chemical leaching

To investigate metal ions solubilization in correlation with various
concentrations of oxalic, tartaric and citric acids (0.01, 0.05, 0.1 and
0.5%), chemical leaching tests were performed. Triplicate samples
with different concentration of organic acids (1% pulp density) were
subjected to shaking for a period of 15 days. Liquid samples were
filtered and analyzed for metal ions dissolved by atomic absorption
spectrophotometry (AAS). pH of the liquid samples was monitored
after every 48 h of leaching period.

Leaching of metals by organic acids produced by G. lucidum

After incubation period of 15 days, supernatant liquor of microbial
culture both from shaking and non-shaking, containing glucose,
molasses, saw dust and cotton seed cake (1%) were collected,
centrifuged (8000 rpm for 10 min at 15°C) and filtered to remove
solids biomass before HPLC analysis for the determination of
organic acid metabolites. Supernatants containing organic acid
metabolites were used to leach the metal ions from shale residue.
Then 1, 2, 3, 4, 5% (w/v) of shale ore samples were added to media
of flasks and incubated in an orbital shaker to keep everything in
homogeneous slurry form at 30°C and 120 rpm for 36 days.
Samples were collected after every two days of leaching period, pH
was monitored after every 24 h and supernatant were analyzed for
metal ions analysis (Escobal et al., 1996). After centrifugation and
filtration, samples were vortexed before HPLC analysis. The mobile
phase consisted of 0.25% of acetic acid, was filtered and sonicated
to remove if any of the suspended particles. An HPLC (Sykam
GmbH, Kleinostheim, Germany) equipped with S-1121 dual piston
solvent delivery system and S-3210 UV/VIS diode array detector
and software package for data acquisition was used. A 20 yL of
filtered sample was injected into an analytical Hypersil (Thermo
Hypersil, GmbH, Germany) ODS reverse phase (C) column
(250 4.6 mm; 5 um particle size) fitted with a C guard column. The
chromatographic separation was performed by isocratic elution of
the mobile phase at a flow rate of 1.0 mL/min at 30°C. Detection
was performed at wavelength of 254 nm. Organic acids were
identified by comparing the retention times and quantified on the
basis of peak area. The peak areas were recorded and calculated
by a computer with, chromatography data acquisition and
integration software (SRI Instrument, Torrance, California, USA).

Metal ions analysis

Samples collected on every fifth day of leaching period, were
subjected to metal ions analysis by atomic absorption spectro-
photometry  (Perkin Elmer, Analyst 300). Although, for Al
UV/Visible spectrophotometric method devised by Shull and
Guthan (1967) was utilized. At the end of leaching period of each
medium, residue samples were washed with water three times
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Table 1. Pretreatment of substrates.

Substrate Pretreatment

Glucose Filtration

Molasses(50% v/v) Autoclaving (120 °C, 5 min)
Saw dust Grinding/sulfuric acid pH 2

Cotton seed cake Grinding/sulfuric acid pH 2

and then oven dried. Residues were subjected to wet digestion
process by using nitric acid and hydrogen peroxide.

Statistical analysis

All experiments of the samples before and after leaching were
performed in triplicate and the results were reported as mean + SD
(Steel et al., 1997).

RESULTS AND DISCUSSION

Physically, the shale sample appears brown in color,
alkaline in nature and insoluble in water. The coloring
material in individual shales might be due to carbon,
hydrocarbon or finely divided iron sulfide. Mineralogical
analysis of brown shale sample contained Monticellite,
Mayenite, Calcite, Magnesian, Quartz, Phlogopite and
Montmorillonite minerals, while elemental analysis of ore
showed the presence of 3.65, 95.8, 146.90, 247.45,
365.35 and 869.00 mg/L of Ni, Mn, Cu, Mg, Al and Ca
respectively.

Chemical leaching

Figure 1A, 1B and 1C depict the results of chemical
leaching. In case of copper solubilization, citric acid
showed more potential than oxalic acid; although, oxalic
acid is stronger than citric acid (Mulligen et al., 2004).
Copper solubilized up to 89.20 mg/L with 0.5% citric acid
while at the same concentration, oxalic acid showed
72.60 mg/L solubilization. Similar finding has been
reported by Mulligen et al. (2004). Tartaric acid
solubilized 101.5 mg/L that is 69.09% Cu with 0.5% con-
centration. This greater recovery of copper might be due
to the formation of copper-tartrate complex in the solution
and thus, enhanced solubilization of the metal ions
(Wong et al., 2003).

Oxalic acid showed maximum affinity for Mg extraction
from brown shale that is 148.70 mg/L (60.09%). The
values of leached metal by tartaric acid and citric acid
were 146.8 and 121.9 mg/L respectively. For Mn solubili-
zation, citric acid showed significant potential and solubi-
lized 52.95% (50.73 mg/L) manganese with 0.5% acid
concentration while oxalic acid solubilized 45.21 mg/L
manganese with the same acid concentration and 33.71
mg/L of manganese was solubilized with 0.5% concentration

of tartaric acid. These results suggest that optimal metal
solubilization require controlled hydrogen ion concen-
tration. Increased H* concentration resulted in less
effective metal dissolution.

Citric acid was most preferred organic acid for
aluminum solubilization (248.2 mg/L) with 0.5% concen-
tration. Citric acid forms multidentate complexes with
metals as it is having 3 replaceable H* (Tang and Valix,
2006), while oxalic and tartaric acids with almost same
efficiency solubilized Al, 236.4 and 216.8 mg/L, with 0.5
% concentration of acids.

Organic acids produced by G. lucidum

Substrates undergo microbial oxidation during growth
studies of G. lucidum which resulted in the production of
organic acids including citric, oxalic, tartaric and malic
acids that play a fundamental role in the environmental
mobility of metal ions (Sayer and Gadd, 2001; Mulligan et
al., 2004; Xu and Ting, 2009). Some of these acids act as
complexing agents for metal ions. Citric, oxalic and
tartaric acids have chelating properties and have a higher
affinity for Al, Mn and Cu (Tang and Valix , 2006; Wong
et al., 2003; Wasay et al., 2001). Organic acids produced
in all media were collected before leaching (after 15 days
of growing) as well as that of sample collected on the
36th day of leaching and analyzed by HPLC (Table 2) to
investigate their utilization. The main acid produced by G.
lucidum was tartaric acid. In case of molasses, the order
of production was tartaric acid (70.05 mg/L, > citric acid
(7.808 mg/L) > oxalic acid (3.343 mg/L) as can be seen in
Table 2. In contrary, saw dust showed the order of
tartaric acid (34.02 mg/L) > oxalic acid (7.060 mg/L) >
citric acid (0.662 mg/L) whereas oxalic and citric acid
production was not detected in cotton seed cake media
while tartaric acid concentration was 11.812 mg/L as
shown in Table 2. In contrast to our results, Bhatti et al.
(2009) reported that A. niger produced oxalic and citric
acids in the glucose media and Anjum et al.(2009)
reported that citric, malic, oxalic and tartaric acids were
produced during the growth studies of P. notatum, that
play fundamental role in the environmental mobility of
metal ions. Burgstaller and Schinner (1993) reported
citric acid production at pH around 2.5 by A. niger.
Schimazona (1955) reported low production of oxalic
acid, as most of the species of white rot fungi had the
ability to decompose oxalic acid due to the presence of
oxalic acid decarboxylase in the mycelium which
particularly affected decarboxylation of oxalic acid at the
acidic pH.

Leaching of metal ions from brown shale

Bioleaching with fungus G. lucidum was carried out to
determine if the acids produced by fungus enhance metal
leaching in shaken as well as unshaken conditions.
Glucose was taken as standard substrate.



Nouren et al. 10667
Table 2. Concentration of organic acids in fermented media after 15 days of fungal growth (before leaching as well as after leaching).
Organic acid (mg/L w/v)
Parameter - - - . - P - - -
pH of fermented media Oxalic acid Tartaric acid Citric acid Malic acid
Medium B (molasses)
Before leaching 29 3.343 70.05 7.808 N.D
After leaching 8.9 N.D 35.828 N.D N.D
Medium C (saw dust)
Before leaching 3.0 7.060 34.02 0.662 N.D
After leaching 8.6 N.D N.D N.D N.D
Medium D (cotton seed cake)
Before leaching 3.1 ND 11.812 ND ND
After leaching 8.4 ND ND ND ND
ND, Not determined.
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Figure 1. (A) Citric acid solubilization of metals; (B) Tartaric acid solubilization of metals; (C) Oxalic acid solubilization of metals.

Copper leaching (constant substrate concentration) dust (56.67%) and cotton seed cake (50.43%) as shown

in Figure 2A. Catherine and Kamali (2003) also reported
that molasses although consists of just 30—50% sucrose,
showed good potential for solubilization of Cu. Approxi-

Copper solubilized up to 73.45% with shaking condition,
using glucose (1%) as substrate with 3% of pulp density

up to the 36th day of incubation, while maximum recovery
of copper has been found in case of molasses (68.89%)
up to the 30th day of incubation with 4% pulp density and
1% molasses concentration which is followed by saw

mately, 48% of the copper had solubilised by day 14th
and sawdust was now proved to be a good substrate as it
only solubilised only 8% Cu using A. niger under shaking
conditions, while under unshaken conditions, glucose
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conditions, glucose solubilized up to 65.03% of Cu with
3% pulp density on the 36th day of incubation, saw dust
showed maximum potential (55.40%) for copper at 4%
pulp density at 1% saw dust concentration on the 36th
day of incubation, followed by molasses (51.40%) and
cotton seed cake (44.67%) as depicted in Figure 2B.

Manganese substrate

concentration)

leaching (constant

Manganese solubilization under shaking conditions is
shown in Figure 3A. Mn recovery of up to 66.31% was
attained after 33 days of incubation and 4% pulp density
using glucose (1%) as substrate. In case of saw dust,
maximum recovery of 55.20% was attained on the 33rd
day of incubation and 4% pulp density whereas cotton
seed cake and molasses solubilized only 20.41 and
46.99% of Mn. Figure 3B indicates that under unshaken
conditions, glucose (1%) solubilized up to 61.90% of Mn
at 3% pulp density and on the 36th day of incubation.
Maximum recovery of Mn (57.74%) was achieved with
saw dust as substrate and 2% pulp density of ore on the
33rd day of incubation. Molasses recovered 41.56% Mn,
while cotton seed cake solubilized 36.70% of Mn. Higher
rates of solubilization of Mn might be due to the reason
that the G. lucidum, a white rot fungus has extracellular
lignolytic peroxidases and Mn peroxidases is one of its
main enzymes (Galkin et al., 1998).

Magnesium substrate

concentration)

leaching (constant

The results relating to Mg solubilization in shaking flasks
at constant substrate concentration are shown in Figure
4A which indicated that in shaking conditions, 96.46% Mg
was recovered on the 33rd day of incubation and 3% pulp
density by using glucose as substrate. While under
unshaken conditions, glucose solubilized up to 73.01% of
Mg at 4% pulp density on the 36th day of incubation.
Whereas taking into account the agricultural wastes,
molasses recovered 71.20% of Mg after 30 days of
incubation and 4% pulp density under shaking conditions
and 77.03% Mg solubilization under unshaken conditions
followed by saw dust (65.83%) and cotton seed cake
(38.42%) under shaking and 60.57% and 34.09% under
unshaken conditions at the 36th day of incubation (Figure
4B). Anjum et al. (2010) also reported that maximum
metal leaching was occurred at the 36th day of incubation
under shaking conditions.

Aluminum substrate

concentration)

leaching (constant

The results representing Al solubilization in shaking

flasks are shown in Figure 5A which indicated that
recovery of Al was up to 90.70% after 33 days of
incubation and 5% pulp density taking glucose
concentration as constant (1%) under shaking conditions.
While taking into account molasses, maximum recovery
of 38.37% was attained on the 30th day of incubation and
5% pulp density followed by saw dust (29.86%) and
cotton seed cake (15.24%). Under unshaken flasks, up to
79.16% of Al was solubilized on the 33rd day of
incubation with 5% pulp density while with molasses
recovery was 31.55% with 2% pulp density and at the
33rd day of incubation followed by saw dust (25.62%)
and cotton seed cake (11.58%) Figure 5B. Maximum
leaching of Al was attained after 36 days of incubation
both in the case of shaking (76.7%) and non shaking
cultures (62.7%) (Anjum et al., 2010).

pH profile of leached suspensions

Figures 6 to 9 show the pH profiles of leached sus-
pensions in all the four media that is glucose, molasses,
saw dust and cotton seed cake. The initial pH (4.5) of all
media inoculated with G. lucidum decreased due to the
formation of organic acids by the microbial oxidation of
carbon source by metabolic activity. The lowest decrease
in pH up to 2 units was attained in case of glucose.
Similar findings have been reported by Wilscher and
Bosecker (2003). According to them, the heterotrophic
microorganisms lower the pH of the solution in all lea-
ching experiments by 2 to 4 units. The pH during growth
as well as bioleaching period approached to a value of
2510 9, 2.9 to 8.9, 3 to 8.6 and 3.1 to 8.4 in case of
glucose, molasses, and saw dust and cotton seed as
substrate.

Mass balances

Analysis of residual solids after leaching was carried out
to perform a mass balance for Cu, Al, Mn and Mg. The
amount of Cu was determined in the residual solids and
then added to the maximum amount of the Al, Mn and Mg
solubilized. This value was then compared to the initial
amount of Cu, Al, Mn and Mg in the raw sample. On the
average, some amounts of Cu (28 %), Al (15 %), Mn
(19.5%) and Mg (8.5%) have not been recovered. During
sample preparation and filtration some of the undissolved
salts might be lost.

Conclusions

It can be conclude from the above study that recovery of
some metal ions from low grade brown shale is feasible.
The white rot fingus G. lucidum possessed a good
potential to secrete some organic acids like tartaric, citric,
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Figure 9. (A) pH profile of cotton seed cake medium for shaking culture; (B) pH profile of cotton seed cake medium for still culture.




oxalic which leached metals ions from the ore. Significant
difference in leaching of metals ion by G. lucidum was
observed under shaking and non shaking conditions.
Maximum leaching of Al (90.7%), Mg (96.46%), Mn
(66.3%) and Cu (73.45%) was observed using glucose
under shaking conditions with 5, 3, 4 and 3% pulp
densities respectively.
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