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Abstract—Microbial leaching of a petroleum spent catalyst was carried out using mixed mesophilic iron and sulfur
oxidizing acidophiles. Bench-scale batch stirred tank reactors with a working volume of 1 L were used in this study
at 35 °C. The pulp density considered for the study was 10% (w/v), while the particle size of the spent catalyst was
varied by 45-106, 106-212 and >212 pum. The leaching percentage of Ni from the spent catalyst was found to be highest
(97-98%) with varying particle size. However, the leaching yield for rest of the metals like Al, Fe, V and Mo was 70-
74%, 66-85%, 33-43% and 22-45%, respectively. Influence of particle size was predominant on the recovery of all
metals except Ni. Assessment of the generation of the bioleach residue after bioleaching showed a weight loss of 54-
62% due to the dissolution of the metal values from the spent catalyst. The mineralogical study conducted by X-ray
diffraction and scanning electron microscopy supports the dissolution of metals from the spent catalyst. Jarosite mineral
phase was the dominant mineral phase in the bioleach residue due to the dissolution of the oxidic and sulfidic mineral

phases present in the feed spent catalyst.
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INTRODUCTION

Depletion of primary metal resources in the earth’s crust due to
extensive mining has shifted the focus of mining and metal indus-
tries to utilizing secondary metal resources. The use of secondary
metal resources would recycle waste byproducts rich in metal, help-
ing to meet the current market demand for metals in a more efficient
and cost effective manner. At present, the demand for metals is in-
creasing due to the requirements for metals arising from economi-
cally and commercially developing nations like China, India and
Brazil. The increasing demand, together with the huge tonnage of sec-
ondary resources as industrial wastes and urban wastes research in
metallurgy, has naturally shifted towards the investigation of additional
recycling. Among the existing types of secondary metal resources,
spent hydroprocessing catalyst from oil refineries represents a waste
rich in metals such as Al, Ni, Mo, V, Fe, Co etc. The annual produc-
tion of petroleum refinery spent catalyst is approximately 150,000-
170,000 tons/annum [1].

Petroleum refineries use huge amounts of solid catalysts for prepa-
ration of high grade fuel products from crude oil. During the refining
process hydrotreated sulfur-containing gas-oil streams are trans-
formed to low sulfur containing clean diesel fuels in the presence
of catalysts. These catalysts consist of Mo and Co or Mo and Ni
on porous yalumina support [2]. The metals present in the catalyst
are both in the form of oxides and sulfides. During refining, the cata-
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lysts become deactivated over time and are regenerated for further
use. Eventually, however, catalysts lose their ability to be reused
and are finally discarded [3]. These waste spent catalysts have been
classified as hazardous wastes by the United States-Environmental
Protection Agency (US-EPA).

Several studies on hydrometallurgical routes for the recycling of
spent catalyst have been carried out, with few of them being further
developed to full-scale. Pyro-metallurgical processes, based on the
principle of roasting and smelting of spent catalyst, require high
inputs of energy [4,5].

As the pyro-process is energy intensive and requires a sophisti-
cated gas cleaning system to prevent atmospheric pollution, hydro-
metallurgical processes based on acid and alkali leaching have been
found to be advantageous. However, chemicals like strong acids
and strong alkalis are not environmentally friendly and are hazard-
ous in industrial applications. Some investigations have been car-
ried out using strong acids, but the problem of such techniques lies
in the composition of the inner lining of the tank to resist corrosion
from strong acids or alkalis [6]. Several authors have reported the
use of organic acid, or weak acids like oxalic acid together with hy-
drogen peroxide as an oxidant during the leaching of spent catalyst
material. Similarly, others have used alkalis like sodium hydroxide
for the leaching of spent catalyst [7-9]. Utilization of strong acid
requires a large amount of basic material like lime or limestone to
neutralize the acid downstream.

Recent advances in biohydrometallurgical research have revealed
routes for bioleaching of chalcopyrite in both heap and stirred-tank
reactors. Commercial advancement in this regards requires the micro-
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biologist to work cooperatively together with the practitioners of
the technology to develop mutual understanding of operational limita-
tions and feasibility constraints affecting the process dynamics both
in engineering and microbial aspects [10]. Ehrlich [11] reported the
establishment of the rationale for the microbial mediated extraction
of metal values from ores and concentrates. He also stated that there
is a potential interaction of the microbes with the ores for microbial
mediated ore beneficiation by bioleaching of unwanted metals or
material from the ores keeping the metal of interest intact. Biohy-
drometallurgy could be a potential alternative process to pyromet-
allurgical and hydrometallurgical processes for the recovery of metal
values from metal sulfides/oxides as well as industrial wastes [12-
14]. Several research works have been carried out on bioleaching
steel slag, lithium batteries, fly ash, spent batteries, electronic scrap
materials and spent catalyst material [15-20]. Bioleaching of spent
catalyst material on shake flask studies with a working volume of
100ml at a pulp density 1-4% using both autotrophic and het-
erotrophic microorganisms resulted in a good recovery of metals.
Bioleaching by using fungus and heterotrophic bacteria is always a
challenge when it comes to scaling up the process, as it is difficult
to maintain the closed and sterile systems required for each operation,
which adds significant expense to such procedures [21-29]. The
present study aimed to scale up the bioleaching of spent catalyst
from shake flask studies conducted by previous authors, and inves-
tigate the metal recovery with three different sized fractions.

MATERIAL AND METHODS

1. Spent Catalyst
The spent catalyst material was received in bulk from a petro-

Table 1. Chemical composition of selected elements in spent cat-
alyst at different size fractions

Elemental composition (%)

Fe Mo \% Ni Al
45-106 439 178 2.15 974 3.02 16.1
106-212 479 087 216 104 2385 177
>212 5.3 064 193 135 3.03 166

Size fraction

leum refinery of South Korea (SK Corporation). The spent catalyst
sample received had an oily and black material sticking to its sur-
face. The spent catalyst was pre-cleaned by acetone washing in a
Soxhlet apparatus for 2-3 days to remove the organic deposits from
the surface. The cleaned spent catalysts were then dried in a hot air
oven at 50 °C until no change in weight was observed. The clean
and dry spent catalysts were ground by mortar and pestle and were
sieved to three different size fractions (45-106 pum, 106-212 um and
>212 um). The elemental compositions of selected elements were
determined by inductively coupled plasma - atomic emission spec-
troscopy (ICP-AES) for all three size fractions (Table 1). The min-
eralogy of the spent catalyst material was determined by X-ray dif-
fraction (XRD) (Fig. 1) and scanning electron microscopy (SEM)
using energy dispersive x-ray analysis (EDX) (Fig. 2).
2. Microorganisms and Growth Conditions

The microbial culture used for the bioleaching of spent catalyst
material was a mixed culture of chemolithotrophic mesophilic aci-
dophiles obtained from Lulea University of Technology, Lulea, Swe-
den. The culture was dominated by Leptospirillum ferriphilum (Fe-
oxidizer) followed by Acidithiobacillus caldus (S-oxidiser), and

Intenisty

Fig. 1. XRD diffractogram of feed and bioresidue.
1. Molybndeum oxide (MoO;)
2. Iron molybdenum sulphide (Fe,,Mo,S,)
3. Aluminum oxide (Al,05)

Bioresidue (>212 pm)

Bioresidue (106-212 pm

Bioresidue (45-106 pm)

Feed spent catalyst

4. Vanadium oxide (V,0,)
5. Nickel sulphide (Ni,_S,)
6. Vanadium sulphide (VS,)
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2-Theta

7. Hydronium jarosites (Fe;(SO,),(OH),)
8. Sodium jarosite (NaFe,(SO,),(OH),)
9. Potassium jarosite (KFe,(SO,),(OH),)
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Fig. 2. SEM micrograph of feed spent catalyst with EDX analysis.

with approximately the same amount of Acidithiobacillus thiooxi-
dans (S-oxidiser), Sulphobacillus sp. (Fe-oxidiser) and Ferroplasma
(Archaeal species, Fe-oxidiser), as determined by Q-PCR analysis
conducted at Bioclear B.V., Netherlands. The microbial culture was
grown in a batch bioreactor using 9 K nutrient growth medium ((NH,),
SO,, 3.0 g/L; KCl, 0.1 g/L; K,HPO,, 0.5 g/L; MgSO,-7H,0, 0.5 g/
L; Ca(NO,),-4H,0, 0.01 g/L) [30] supplemented with 4.5 g/L. of
ferrous iron and 2 mM of potassium tetrathionate prior to its use.
The inoculum was grown at a pH of 1.45+0.05 and at a tempera-
ture of 35 °C.
3. Instruments and Analytical Technique

A platinum electrode with an Ag, AgCl reference electrode was
used for the measurement of the redox potential and a Lange LDO™/
sc100 instrument was used for dissolved oxygen measurement. A
portable pH meter (Orion) was used for pH measurements. ICP-
AES (JOBIN-YVON JY 38) was used for elemental analysis of
the spent catalyst material, as well as for the bioleached spent catalyst
residue and leach liquor. Mineralogical studies of both the spent
catalyst and bioleached residues were analyzed by XRD (RIGAKU,
R4-200), equipped with a continuous scanning device using Cu Ko
radiation at 40 kV and 30 mA with a sample rotation of 30 rpm,
and the corresponding crystalline phases were identified using a
file - Joint Committee for Powder Diffraction Standards (JCPDS) -
in the instrument. SEM (JEOL, JSM-6380LA) was used to analyze
the mineralogy of spent catalyst material and bioleached residues
using EDX. The planktonic viable cell count was performed on a
phase contrast microscope (Olympus Model No BX51TF) with a 10X
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eyepiece and a 40X objective resolution on an improved Neubauer
haemocytometer.
4. Bioleaching Experiments

Bench-scale batch bioleaching of spent catalyst material for the
three different size fractions (45-106 pm, 106-212 um and >212 pm)
was carried out in a 2.5 L baffled glass reactor at a working volume
of 1 L. The batch experiments were conducted with 10% (w/v) of
the spent catalyst material in iron free 9 K mineral salt medium (900
ml), which was inoculated with 100 ml mixed microbial culture.
Homogenous mixing of the pulp was achieved using a propeller
stirrer at a rotation of 350 rpm. A temperature of 35 °C inside the
bioreactor was maintained by placing a hot plate beneath the reac-
tor. A dissolved oxygen (D.O.) level of 5 mg/L. was maintained inside
the reactor by blowing air at a flow rate of 1 L/min underneath the
propeller. The bioleaching experiment was conducted with regular
measurements of pH, redox potential and planktonic viable cell count.
The pH value in the bioleaching pulp was maintained at 1.5 through-
out the experiment, by additions of 2 M/5 M H,SO,. During the
initial days of the experiments there was a rise in pH due to the acid
consuming oxide minerals present in the spent catalyst material,
which was adjusted by addition of 2 M/5 M H,SO, into the bioleach-
ing pulp. The leaching experiments continued until no change in
the pH or redox potential was observed. Water loss during bioleach-
ing due to evaporation was compensated for with fresh additions
of deionized water on a regular basis. On completion of the experi-
ment, the bioleaching pulp was harvested and filtered by vacuum
filtration for solid-liquid separation. The filter cake obtained after
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filtration was thoroughly washed by using a measured volume of
deionized water (acidified with H,SO, to pH 1.5) to avoid precipi-
tation of metal ions inside the filter cake. The washed filter cake
was dried in hot air oven at 50 °C until no change in weight was
observed. Later, the dry bioleached residue was fine-ground with a
mortar and pestle and was sent for analysis for elemental composi-
tion by ICP-AES, and mineralogical analysis by XRD and SEM.
The elemental analysis obtained was used for the calculation of the
leaching yield, accounting the weight of the feed and bioleached
residue. The percentage of leaching yield for all experiments was
calculated as per the formula below:

Leaching Yield (%)={1- [Me(ryMe(f)]}*100

where, Me(r) is the elemental (Fe, S, Ni, Al, Mo, V) content in the
bioleach residue and Me(f) is the elemental (Fe, S, Ni, Al, Mo, V)
content in the feed spent catalyst.

RESULTS AND DISCUSSION

Bioleaching of spent catalyst material using mesophilic iron and
sulfur oxidizers with three different size fractions revealed the influ-
ence of particle size on leaching yield. The pulp density of 10%
(w/v) for all the experiments was chosen, as it has been well estab-
lished that in the operation of stirred-tank reactors the quantity of
solids (pulp density) that can be maintained in suspension is limited
to 10% (w/v). However, pulp densities >10% (w/v) would have
problems with both the physical and microbial issues as the shurry
becomes very thick with an inefficient O, and CO, transfer impor-
tant for the bioleaching as well as microbial growth. At increased
pulp densities >10% (w/v) a physical damage of microbial cells by
the shear force of the impellers has been observed [31]. It is worth
mentioning here that although no ferrous iron source was provided
in the growth medium, the ferric iron in the inoculum, being reduced
to ferrous iron, was sufficient for the initial oxidation of sulfides.
The ferrous iron generated due to the oxidation of sulfides in the
spent catalyst was re-oxidized to ferric iron by the iron oxidizing
microorganisms present in the inoculum, whereas the dissolution
of oxides present in the spent catalyst was carried out by the acid
added to control the pH at 1.5. The free sulfur species generated due
to the oxidation of sulfides of the spent catalyst was further oxidized
by the sulfur oxidizing microorganisms into sulfates. Several param-
eters like pH, amount of acid added, redox potential, microbial popu-
lation, temperature, dissolved oxygen and metal concentration were
studied at regular intervals during the complete course of bioleaching,
1. Influence on the pH During Bioleaching and Acid Consumed

All three bioleaching experiments were performed under pH con-
trolled conditions, where the pH of the bioleaching pulp was main-
tained at 1.5 to provide optimum pH conditions for the microor-
ganisms, and to avoid ferric iron precipitation, which is in fact the
primary oxidant for sulfide minerals present in the spent catalyst. A
comparatively higher amount of acid consumption was observed
during the first 2-3 days of the experiments due to the acid con-
suming oxides present in the spent catalyst (Eq. (1)).

MeO+H,S0,—MeSO,+H,0 M

Once the dissolution of the all free oxide minerals was com-
plete, the acid consumption started to decrease. Some part of the

acid requirement was fulfilled from the acid produced due to jarosite
precipitation towards the end of the experiment (Eq. (2)) [32,33].

X +3Fe?+2S0% +6H,0—> XFe,(SO4),(OH)+6H" Q)

Where, X'=K', Na", H;0", NH; .....

Apart from the oxidic minerals, the sulfidic minerals present in
the spent catalyst were oxidized by ferric iron in the inoculum, result-
ing in the generation of ferrous iron in the solution (Eq. (3)) [34].

MeS+2Fe* +1.50,4+H,0— Me*'+2Fe*'+S0; +2H" 3)

The ferrous iron in the solution was further re-oxidized biologically
by the iron-oxidizing microorganisms in the bioleaching pulp, adding
ferric iron back into solution for further oxidation of the residual
sulfide minerals until they were all oxidized. As the ferrous iron
oxidation is an acid-consuming process, some of the acid consumed
during the bioleaching process is accountable for iron oxidation (Eq.
(4)) [33,35-39].

Fe*+1/40,+H —Fe"+ H,0 @)

Later, the sulfur species (S,0; or S°) released from sulfide mineral
dissolution into solution is oxidized by the sulfur-oxidizing micro-
organisms, which is an acid producing process, compensating part
of acid consumption during the bioleaching of spent catalyst mate-

rial (Eg. (5)).
S,0; +8Fe’'+5H,0—2S0; +8Fe*'+10H" ®)

The total amount of acid consumed was calculated in terms of kilo-
grams of H,SO, required per ton of spent catalyst. The highest amount
of acid was consumed in experiments of the smallest size fraction
45-106 um, with 842 kg/ton consumed. The amount of acid con-
sumed for size fraction 106-212 pm and >212 yum was 810 and 749
kg/ton, respectively (Table 2). The reason for the highest acid require-
ment of the smallest size fraction could be due to elevated liberation
of the acid-consuming oxidic minerals from the spent catalyst due

Table 2. Total amount of sulfuric acid consumed for each experi-
ment

Size fraction Conc. sulfuric acid (kg/ton)

45-106 842
106-212 810
>212 759
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Fig. 3. Redox potential profile during the bioleaching of spent cat-
alyst material.
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to fine grinding.
2. Influence on the Redox Potential During Bioleaching of Spent
Catalyst

The redox potential profile for all three size fractions presented
in Fig. 3 states that the oxidation and reduction reactions occurred
during the bioleaching of spent catalyst material. It was observed
that the initial redox potential for all three size fractions was differ-
ent, as 520, 540 and 575 mV for bioleaching experiments with size
fractions >212, 106-212 and 45-106 pm, respectively (Fig. 3). This
could be due to the faster dissolution of minerals in lower size frac-
tions compared to higher ones. The higher dissolution of spent cata-
lyst material at lower size fractions is in accordance with chemical
leaching theory (chemically controlled and diffusion controlled reac-
tion) [22]. From the leaching theories described above, it is evident
that the rate of reaction is inversely proportional to the radius of the
substrate particle in chemically controlled leaching, while the rate
of reaction is inversely proportional to the square of the radius of
the particle.

However, it is well known, and somewhat instinctive, that the
smaller the size fraction the better the dissolution rate, as smaller
size fractions provide more surface area compared to larger size
fractions. The fast dissolution of the spent catalyst, starting from
the initial days of the experiment until 12-14 days, increased the
redox potential, which later started to drop, probably due to the pre-
cipitation of ferric iron as jarosite [33]. The redox potential value
obtained due to the ferric/ferrous couple is always found to be domi-
nant, but the influence on the redox potential value due to other redox
couples present in the solution such as Mo, V, Ni and Al cannot be
ignored. Overall, the redox potential stabilized between 600-640 mv
towards the end of all experiments (Fig. 3).

3. Influence on the Planktonic Viable Microbial Population
Dynamics

The microbial population dynamics during the bioleaching of
spent catalyst was determined by planktonic viable cell count. The
cell count was carried out to ensure the viable cell population’s activity
during the process of bioleaching, as well as to provide informa-
tion on the influence of size fractions. Microbial population study
shows that the viable planktonic cell count ranged between 10°-10
cells/ml in the bioleaching pulp (Fig. 4). The planktonic viable cell
population in three different size fractions did not show any remark-
able difference, as no toxic influence was encountered due to the
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- B [06-212 micron
S 3.50E+07 1
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E
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Time, days

Fig. 4. Planktonic microbial population dynamics during the bio-
leaching of spent catalyst.
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metal ions present in the spent catalyst. The results obtained from
the microbial population dynamics indicate that these microorgan-
isms can be sustained and can carry out bioleaching without any
hindrance or toxic effect of the spent catalysts. There was no such
difference in the cell count of the experiments with 45-106 pm and
106-212 pm size fractions. The microbial cell population increased
from 3.5x10° to 8.2x10° cells/ml in the 45-106 um size fraction
experiment, and from 8.5x10° to 8.5x10° cells/mlin the 106-212 um
size fraction experiment; however, in the case of the >212 pum size
fraction experiment the cell count was found to be highest among
all. The reason for which could be due to a reduced toxic influence
from metal ions due to the slightly lower dissolution kinetics. Overall,
the population dynamics were satisfactory in all three experiments.
4. Bioleaching Yield with Different Size Fractions of Spent
Catalyst

The bioleaching yield was calculated based on the chemical com-
position of the spent catalyst as feed (Table 1) and the chemical com-
position of the bioleached residue obtained (Table 3), considering the
weight of the catalyst material assed to the experiment (Table 4).
The bioleached residue obtained from the bioleaching experiments
was found to have weight loss, due to the dissolution of the mineral
phases, both by acid leaching and ferric iron mediated leaching. It
has been found that the smallest size fraction encountered the highest

Table 3. Chemical composition of the selected elements in the
bioleaching residue

Size Elemental composition (%)
fraction S Fe Mo \Y% Ni Al
45-106 277 088 3.06 146 0.16 109

106-212 257 074 2098 15.1 0.15 12.3
>212 260 080 3.26 19.5  0.18 10.1

Table 4. Change in weight of the feed and bioleaching residue

Size fraction =~ Wtoffeed  Wtofbioleaching % Loss
(um) (2) residue (g) in Wt
45-106 100 38 62%

106-212 100 43 57%
>212 100 46 54%
100
045-106 micron
80 1| m106-212micron
- E>212 micron
£ 60
g
= 40 -
=
20
0
Mo v Ni Al Fe
Metal

Fig. 5. Leaching yield of metal values with different size fractions.
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Fig. 6. SEM micrograph of bioleach residues with EDX analysis.

weight loss of 62%, followed by 57% and 54% for the higher size
fractions, respectively, and was considered to be due to the higher
dissolution rate with smaller size fractions as stated in Egs. (6) and
(7). The leaching yield for Ni was found to be invariable with all
the three size fractions, with slightly small variation in the leaching
yield of bigger size fractions (Fig. 5). However, the leaching yield
of Mo, V and Fe has shown a remarkable decrease in the dissolu-
tion rate with increasing size fractions, whereas in the case of Al,
the yield was found to be more or less similar with large and small
sized fractions (Fig. 5).

Mineralogical analysis of the feed spent catalyst revealed the pres-
ence of oxide and sulfide mineral phases of Ni, V, Mo. Al and Fe
(Fig. 1). After completion of the bioleaching experiment a signifi-
cant amount of weight loss was observed in the bioleached residue,
probably due to dissolution of the mineralogical phases present in
the spent catalyst, and can be explained from the XRD analysis of
the bioleach residues (Fig. 1). The major mineral phase observed in
the bioleached residue was the hydronium/potassium/sodium jarosites,
which were precipitated during the bioleaching process. The oxidic
and sulfidic mineral phases present in the feed spent catalyst mate-
rial were mostly absent in the bioleach residues (Figs. 1 and 6). The
micrographs of the feed spent catalyst and bioleach residues obtained
from scanning electron microscopy (SEM) support the XRD anal-
ysis. The EDX analysis of the SEM micrograph of feed spent catalyst
shows the presence of Molybdenum, sulfur and oxygen complex,

as Molybdenum sulfides and oxides together with Aluminum oxides
(Fig. 1 and 6). Further mineralogy of nickel and vanadium oxides/
sulfides observed in XRD analysis was not detected through SEM-
EDX analysis of the feed spent catalyst sample. The bioleached resi-
due showed fragmented pictures confirming the dissolution of the
oxides/sulfides of Mo, V and Al compared to the feed material (Fig.
6). The unclear shape of the Ni-Fe oxides or sulfides region was
also observed only in the bioleached residue. The dissolution of the
Mo, V, Al and Fe observed from the leaching yield was incom-
plete, as can be seen from the weight loss and fragmented pictures
from the EDX analysis of the SEM micrographs. Therefore, it can
be assumed that some part of undissolved Mo, V and Al could be
dissolved by further developing the bioleaching to a continuous stirred
tank bioleaching with two- or three-stage leaching. Some passiva-
tion of the sulfur species on the spent catalyst might be obstructing
the leachate from reaching the surface of the spent catalyst.

CONCLUSION

All the three size fractions of the spent catalyst studied for the
bioleaching experiment showed an increasing trend of leaching yield
for Mo, V and Fe, with decreasing size fractions, but in the case of
Ni there was no remarkable difference in the leaching yield. The
leaching yield of Ni was the highest among all other elements, rang-
ing from 97-98%, which means nickel mineral present in spent cata-
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lyst could be easily liberated via grinding. The mineralogical studies
by XRD analysis indicated that the major mineralogical phases found
in the feed spent catalyst were dissolved during bioleaching, and
that the formation of new phases, like jarosites, occurred due to the
precipitation of ferric iron. The micrographs of SEM analysis sup-
ported the mineral phases of sulfides and oxides observed by XRD
analysis in the feed material. The fragmented pictures of those oxides
and sulfides seen in the SEM micrograph after bioleaching con-
firm the incomplete dissolution of the minerals present in the feed
material. The microbial population dynamics observed suggests
that these mixed mesophilic microbes had luxuriant growth under
the current bioleaching conditions. The bioleaching of spent catalyst
material is partly carried out by acid mediated dissolution, and partty
by ferric ion. The acid requirement is fulfilled by sulfur oxidation
as well as external additions of H,SO,, whereas the ferric iron require-
ment is fulfilled by the oxidation of ferrous iron by the iron oxidizing
microorganisms. Bioleaching of spent catalyst material in batch bio-
reactor with optimum growth conditions has been found to be prom-
ising for larger scale experiments in a continuously stirred tank bio-
reactor. However, this study shows the possibility of bioleaching of
spent catalyst at elevated pulp densities only if carried out in 2-3
stage continuous reactors. This would enhance reaction kinetics and
help to obtain better or similar yields of metal values at a shorter
retention times. Use of cost-effective iron-free 9 K growth medium
for the microbial growth would also lead to an overall supplement
to the process economics. Future studies should mostly focus on
enhancing the Mo and V recovery by liberating the mineral from
the matrix of spent catalyst, which could be done by employing either
metallurgical process or biological mediated process considering the
environmental and economic issues.
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