Journal of Engineering Science and Technology
Special Issue on SOMCHE 2014 & RSCE 2014 Conference, January (2015) 36 - 45
© School of Engineering, Taylor’s University

BIOLEACHING OF TRACE METALS FROM COAL ASH USING
MIXED CULTURE OF ACIDITHIOBACILLUS ALBERTENSIS
AND ACIDITHIOBACILLUS THIOOXIDANS
1,

2

DENVERT C. PANGAYAO *, ERIC D. VAN HULLEBUSCH , SUSAN M.
1
1
GALLARDO , FLORINDA T. BACANI
1

Chemical Engineering Department, De La Salle University,
2401 Taft Avenue, Manila, Philippines
2
Université Paris-Est, Laboratoire Géomatériaux et Environnement (EA 4508), UPEM,
77454 Marne-la-Vallée, France
*Corresponding Author: denvert_pangayao@yahoo.com

Abstract
The bioleaching of zinc, manganese, chromium, iron and copper from coal ash
(fly and bottom) from coal ash pond using mixed culture of Acidithiobacillus
albertensis and Acidithiobacillus thiooxidans was studied. Using the BoxBehnken experimental design, there are three variable parameters used namely:
initial bacterial inoculum, % pulp density and weight of sulfur added. After
fifteen days of bioleaching, the maximum percentage metals leached were
56.69% Zn, 70.68% Mn, 79.86% Cr, 70.74% Fe and 69.32% Cu at different
variable parameters. Also, the solution has an initial pH value of 2 was decrease
from a range of 1.39 to 0.61 due to the oxidation of sulfur via microbial
activity. Based on the statistical analysis, the experimental data fit the quadratic
model for all metal leached. Moreover, using numerical optimization the
significant parameters are pulp density and initial mass of sulfur. Using the
optimal parameters, the maximum percent metal leached were 56.38% Zn,
70.88% Mn, 85.01% Cr, 74.44% Fe and 74.46% Cu.
Keywords: Bioleaching, Acidithiobacillus albertensis, Acidithiobacillus thiooxidans,
Coal ash, Trace metals.

1. Introduction
Coal ash is generated by the combustion of coal for energy production by power
plants. Coal ash produces fly ash and bottom ash upon combustion and may
contain significant amount of trace metals. In the global perspective, coal-based
power plant produces approximately 750 million tons of coal ash per year and
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only 50% of coal ashes are being utilized and recycled [1, 2]. However, coal ash
can be used as aggregate for construction materials, blended cement, mining
application, road construction fills and embankments in roads [3]. On the other
hand, most of the coal ash still remains in lagoon or ash ponds for disposal.
Due to the increasing amount of coal ash being underutilized and its
substantial trace metals amount, it can be used as a secondary resource for metal
extraction for further industrial application. In the recent years, new and
innovative green technology is emerging called bioleaching or biological leaching
[4]. Bioleaching is an eco-friendly process of using microorganisms (bacteria or
fungi) to extract soluble and extractable elements (metals) via the production of
acids (inorganic and organic) from secondary sources or materials that can be
possibly recovered and used [5, 6].
This research used two different types of sulfur-oxidizing bacteria namely:
Acidithiobacillus albertensis and Acidithiobacillus thiooxidans. The optimal
growth condition of A. albertensis is at 25-30°C at pH of 3.5-4.0 while A.
thiooxidans is at 28-30°C at pH 2.0-3.0. These microorganisms are
chemolithoautotrophs. Also, mixed culture is used because A. albertensis has the
capability to grow at higher pH in contrast with A. thiooxidans [7]. Moreover,
these two microorganisms uses inorganic source for growth and metabolism such
as sulfur and carbon dioxide. The metal solubilization is done by the in-situ
production of inorganic acid which is sulfuric acid [8]. There are many studies
that were conducted using A. thiooxidans in bioleaching of different secondary
materials in pure and mixed culture with A. ferrooxidans, however for A.
albertensis there is only one conducted by Xia et al. [9].
The main focus of this study is to determine the percent metal leached from
coal ash collected in an ash pond using a mixed culture of A. albertensis and A.
thiooxidans. The metals under investigations are iron, copper and zinc which are
base metals and manganese and chromium which are strategic metals. Moreover,
Box-Behnken design of experiment was used to determine the optimum condition
for the extraction of metals and its interaction with variable parameters. The
variable parameters are amount of initial inoculum, pulp density and amount of
sulfur against the response factor which is the percent metal leached.

2. Materials and Methods
2.1. Microorganism
The microorganisms used in this study were A. albertensis (ATCC 35403) and
A. thiooxidans (ATCC 19377). These microorganisms were provided by
Leibniz Institute DSMZ-German Collection of Microorganisms and Cell
Cultures in Germany.

2.2. Coal ash from coal ash pond
The coal ash (mixture of fly and bottom) was provided by a private coal fired
power plant in the Philippines that uses imported and local coals as a raw material
on a Circulating Fluidized Bed (CFB) Boiler. The coal ash was collected in the
company’s coal ash pond. The as-received coal ash was oven dried at 105°C for
24 hours. The dried sample was sieved using a particle size passing through #200
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mesh or 0.075 microns. The particle size was constant through the experiment.
Moreover, the ash is alkali in nature with pH of 10-11.5.

2.3. Growth of the microorganism
A. albertensis and A. thiooxidans were cultured in a media consisting of
macronutrients and mineral salts. The modified culture media contains the
following ingredients: 0.2 g (NH4)2SO4, 0.5 g MgSO4·7H2O, 0.25 g CaCl2, 3 g
KH2PO4 and 10 g sulfur dissolved in 1 liter of deionized water [10] and autoclaved
at 121°C for 15 minutes. The inoculum was incubated in a rotary shaker (IKA KS
4000i control) at 160 rpm and 30°C. The bacteria were incubated for 10 days prior
to the bioleaching experiment. Using Perkin Elmer Lambda 10 UV/Vis
Spectrometer, the microbial density has an absorbance of 0.233 per ml of inoculum.

2.4. Bioleaching experiment
The bioleaching experiments were performed in a 250 ml Erlenmeyer flask with
constant parameters of 100 ml medium at 160 rpm and 30°C in an orbital shaker.
The variable parameters are initial inoculum (1 ml, 3 ml and 5 ml), pulp density
(1, 3 and 5 grams of ash per 100 ml medium) and weight of sulfur added (1, 2 and
3 grams per 100 ml medium). Using Design Expert Software, Tables 1 and 2
show the Box-Behnken experimental design for the three variable parameters and
their coded values. The response factor is the percent metal leaching for zinc,
manganese, chromium, iron and copper.
Table 1. Box-Behnken Design of Experiment.
Run
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

A
0
1
-1
0
-1
-1
0
0
1
0
1
-1
1
0
0
0
0

B
0
0
0
0
-1
1
-1
0
-1
0
0
0
1
-1
1
0
1

C
0
-1
-1
0
0
0
1
0
0
0
1
1
0
-1
-1
0
1

Table 2. Coded values at different parameters.
Variable
A: Initial inoculum (ml)
B: Pulp Density (%w/v)
C: Weight of Sulfur (g)

-1
1
1
1
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0
3
3
2

1
5
5
3
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The medium with the ash (at different pulp density) were autoclaved at
121°C for 15 minutes and cooled. Upon the addition of ash and medium, the pH
of the solution is 6.5-8. Then pH of the solution was adjusted to 2 using 1M
H2SO4 to favor the growth of the bacteria. Then, the appropriate amount of
sulfur (different weight) was added in the flask. Finally, the initial inoculum
(different volume) was added into the solution. Leached solution was filtered
using a 0.45 micrometer cellulous acetate filter. Few drops of concentrated
nitric acid were used to acidify the solution and stored at 4°C prior to metal
analysis using ICP-OES. Bioleaching experiments were done for fifteen days
and in duplicate runs.

2.5. Analytical methods
X-ray diffraction (XRD) analysis was performed on a Bruker D8 Advance
diffractometer equipped with energy dispersion Sol-X detector with copper
radiation (CuKα, λ = 0.15406 nm). The acquisition was recorded between 2° and
80°, with a 0.02° scan step and 1 s step time. Samples were previously dried at
25°C and crushed prior to XRD analysis.
Moreover, the metals were analyzed using Perkin Elmer Optima 8300 Induced
Couple Plasma – Optical Emission Spectrometer (ICP-OES). Using different
wavelengths of 324 nm for Cu, 238 nm for Fe, 213 nm for Zn, 257 nm for Mn
and 267 nm for Cr to measure the concentration of metals in the solution. Prior to
analysis, few drops of concentrated nitric acid were added. The concentrations of
metals were reported as mg/kg.

3. Results and Discussion
3.1. Mineralogical data – XRD
Figure 1 shows the XRD analysis of the coal ash sample. The minerals identified
in the coal ash samples are quartz-SiO2, melilite, anhydrite, tricalcium aluminate,
lime-CaO, periclase, mullite and rutile. The major elements are calcium,
aluminum, iron and silicon. On the other hand, the trace elements are chromium,
manganese, zinc, copper and titanium. These minerals were also identified by
several other authors Demir et al. [11]; Skordas et al. [12]; Ahmaruzzaman [13];
Hareeparsad et al. [14]; Akar et al. [15]; Neupane and Donahoe [16].
The total metal content in the ash are 0.96 mg/kg Zn, 4.13 mg/kg Mn, 0.81
mg/kg Cr, 269.5 mg/kg Fe and 2.22 mg/kg Cu.

3.2. pH profile
Figure 2 shows the pH profile for the 17 experimental runs. From the initial pH
value of 2, the pH values of all the samples were decreased from a range of 0.61
to 1.39. The decrease of pH value is an indirect indication of the growth of the
bacteria and its production of sulfuric acid via the oxidation of sulfur. These
results coincide with the studies conducted by Ishigaki et al. [17], Moura et al.
[18] and Pradhan et al. [19].
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Fig. 1. XRD analysis for coal ash (a: Quartz-SiO2, b: Melilite, c: Anhydrite,
d: Tricalcium aluminate, f: Lime-CaO, g: Periclase, m: Mullite, r: Rutile).

Fig. 2. pH values versus the experimental runs.

3.3. Box-Behnken design: bioleaching experiment
An optimization design was conducted using a Box-Behnken Design which is one
of response surface methodology. The Box-Behnken design is suitable for
exploring quadratic response surfaces and generating second degree polynomial
model or equation, thus obtaining optimum parameters using small experimental
runs [20, 21]. Table 3 shows the response factor (% metal leached) for zinc,
manganese, chromium, iron and copper in each trial.
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After the bioleaching experiments, the highest percent metal leached were as
follows: 59.69% zinc, 70.68% manganese, 79.86% chromium, 70.74% iron and
69.32% copper. The highest leaching for zinc and copper occurred at 5 ml initial
inoculum, 5% pulp density and 2 g sulfur. For chromium and iron, it occurred at 3
ml initial inoculum, 5% pulp density and 3 g sulfur. And for manganese it
occurred at 3 ml initial inoculum, 5% pulp density and 1 g sulfur.
In previous studies, the rate of metal leaching or solubilization decreases as
the solid concentration or pulp density increases. This is because to the high pH
conditions thus, having high buffering capacity of the material. Also, inhibition of
bacterial activity is due to the amount of toxic metal present in the material
[22-26]. However, this problem has been addressed by adjusting the initial pH
value of the solution to favor the microbial growth. Thus, the highest leaching of
metal occurred at 5% pulp density as seen in Table 3.

Run
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

A
0
1
-1
0
-1
-1
0
0
1
0
1
-1
1
0
0
0
0

Table 3. Coded values for Box-Behnken design.
B
C
% Zn
% Mn
% Cr
% Fe
0
0
33.30
49.24
56.36
50.17
0
-1
34.90
48.97
55.56
43.45
0
-1
37.61
51.36
58.71
49.93
0
0
36.09
50.57
58.61
53.52
-1
0
10.90
18.65
22.73
19.21
1
0
53.94
68.87
71.81
50.99
-1
1
11.38
20.71
30.14
30.52
0
0
36.19
49.35
58.29
52.45
-1
0
12.05
20.93
30.20
28.00
0
0
38.58
54.44
63.25
56.13
0
1
36.62
66.81
41.92
57.40
0
1
48.54
55.72
69.32
35.05
1
0
69.47
77.90
65.36
56.69
-1
-1
13.46
24.48
36.19
36.18
1
-1
56.44
79.07
65.13
70.68
0
0
37.41
51.76
60.78
54.01
1
1
50.71
68.91
79.86
70.74

% Cu
42.16
39.72
48.63
44.60
16.41
56.38
16.85
47.58
18.43
47.43
44.00
51.74
69.32
18.62
67.24
49.83
59.15

Using Design Expert 6.0.8, the statistical results of the ANOVA for the
response surface for quadratic models of zinc, manganese, chromium, iron and
copper are presented in Table 4.
Table 4. Statistical results of the ANOVA.
Statistical results
Model F-value
Model prob ˃ F
Lack of fit F-value
Lack of fit prob ˃ F
R squared
Adj R squared
Adequate Precision

Zn
100.71
˂0.0001
1.11
0.4442
0.9923
0.9825
28.941

Mn
146.68
˂0.0001
0.52
0.6933
0.9947
0.9879
34.894
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Cr
65.94
˂0.0001
1.39
0.3677
0.9883
0.9734
26.604

Fe
18.23
0.0005
7.37
0.0417
0.9591
0.9065
15.539

Cu
14.15
0.001
7.38
0.0416
0.9479
0.8809
12.266
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According to the statistical data presented in Table 5 for quadratic models, the
Model F-values 18.23, 100.71, 146.68, 65.94 and 14.15 implied that the models
were significant and there was 0.01% for zinc, manganese and chromium, 0.05%
for iron, and 0.10% for copper chance that a ‘Model F-value’ could occur due to
noise. The prob˃F values for the models which were ˂0.0001 indicated that the
models were statistically significant with a confidence interval of 99.99% for zinc
manganese and chromium. On the other hand, 99.95% and 99.90% confidence
interval were obtained for iron and copper, respectively. The ‘lack of fit’ tests
compare the residual error to pure error from the replicated experimental points in
the design. The p-values greater than 0.05 mean that the model lack of fit is
insignificant.
Based on Table 4, the values R² are evaluated as 0.9923, 0.9947, 0.9883,
0.9591 and 0.9475 while the adjusted R² values are 0.9825, 0.9879, 0.9734,
0.9065 and 0.8809 for the models for zinc, manganese, chromium, iron and
copper, respectively. The R² and adjusted R² values in this study ensured a
satisfactory adjustment of the quadratic model to the experimental data.
Moreover, adequate precision is the measurement of signal to noise ratio and
values greater than 4 is desirable [27].

3.4. Percent metal leached model
Using Design Expert 6.0.8 software, the following quadratic equation for percent
zinc, manganese, chromium, iron and copper leached were obtained (Eqs. (1-5)):
% Zn leached = -0.44 – 1.29A + 15.71B + 0.015C + 0.016A² - 0.75B² - 0.33C²
+ 0.10AB + 0.54BC – 0.46AC
(1)
% Mn leached = 7.43 + 0.96A + 19.88B – 5.47C – 0.32A² - 1.33B² + 0.45C²
- 0.11AB + 0.75AC + 0.25BC
(2)
% Cr leached = 25.20 + 2.48A + 19.15B – 18.32C -0.74A² - 1.46B² + 2.70C²
- 0.086 AB + 1.78AC + 0.86BC
(3)
% Fe leached = 25.52 + 6.97A + 13.86B – 20.32C – 1.58A² - 1.51B² + 3.44C²
+ 0.35AB + 1.39AC + 1.41BC
(4)

% Cu leached = 14.08 + 1.95A + 14.60B – 11.89C – 1.04A² - 1.02B² + 1.64C²
+ 0.68AB + 1.37AC + 0.81BC
(5)
The significance of the each coefficient was determined by the p-values
through the statistical analysis. The smaller the p-value shows a higher
significance of the coefficient. For the percent zinc and manganese leached, the
significant coefficients are B (% pulp density) and B². On the other hand, for
percent chromium leached, the significant coefficients are B, C (amount of
sulfur), B² and interaction of AC (initial inoculum x amount of sulfur). Also, for
percent iron leached, the significant coefficients are B, A² (initial inoculum²) and
B². However, for percent copper leached, there are no significant factors among the
parameters. The coefficients with p-values less than 0.05 are considered significant.
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3.5. Optimization of parameters
According to the numerical optimization of Design Expert 6.0.8, the process
optimum conditions are shown in Table 5.
For all metals, the common optimum pulp density is 5%. Higher amount of
ash in the solution can be attributed to a possible increase in metal extraction.
Also, increasing the amount of sulfur in the solution would increase the metal
extraction due to the production of sulfuric acid via the oxidation of sulfur done
by the microorganism. However, for the initial inoculum it varied from 1.88 to
4.97 ml. Based on the statistical analysis, initial inoculum (A) is not a significant
factor in the bioleaching experiment. Using the numerical optimization, the
maximum percent metal leached are as follows: 56.88% Zn, 70.88% Mn, 85.01%
Cr, 74.44% Fe and 74.46% Cu after fifteen days of bioleaching.
Table 5. Optimum process condition for different parameters.
Initial
% Pulp
Weight
% Metal
Inoculum (ml)
Density
Sulfur (g)
leached
2.20
5
1
56.88
Zinc
1.88
5
1
70.88
Manganese
4.97
5
3
85.01
Chromium
4.08
5
3
74.44
Iron
4.56
5
3
74.46
Copper
Based on the study of Ishigaki et al. [17], bioleaching of municipal solid waste
incineration (MSWI) fly ash using mixed culture of sulfur-oxidizing and ironoxidizing bacteria exhibit a metal extraction of 67% Cu, 78% Zn and 100% Cr
and Cd. Aslo, Siedel et al. [26] investigated on the mechanism of bioleaching of
coal fly ash using Thiobacillus thiooxidans. Results show the maximum
leachability of aluminum and iron were approximately 100% and 80% respective.
Moreover, Krebs et al. [25] studied bioleaching of MWSI fly ash using pure and
mixed culture of Thiobacillus thiooxidans and Thiobacillus ferrooxidans. The
data show extraction of over 80% Cd, Cu and Zn, 60% Al and 30% Fe and Ni.
Based on the previous studies, it is comparable with the numerical optimization.

4. Conclusion
Based on the bioleaching experiment using mixed culture of A. albertensis and A.
thiooxidans, the percent metal leached are 56.69%, 70.68%, 79.86%, 70.74% and
69.32% for zinc, manganese, chromium, iron and copper respectively. Also, form
the initial pH of 2, the pH value of the solution decreases from a range of 1.39 to
0.6. Based on statistical analysis, the experimental data fit the quadratic model
based on Box-Behnken design of experiment. Moreover, the optimum parameters
for bioleaching are 5% pulp density and 3 grams sulfur. Also, initial inoculum is
not a significant factor based on statistical analysis. At optimum parameters, the
metal leached are 56.88% Zn, 70.88% Mn, 85.01% Cr, 74.44% Fe and 74.46% Cu.
For future works, the researchers will focus on bioleaching of pure culture of
A. albertensis. Furthermore, the effects of higher pulp density and weight of
sulfur in the bioleaching of coal ash. And, bioleaching kinetics at optimum
conditions will be investigated.
Journal of Engineering Science and Technology

Special Issue 8 1/2015

44

D. C. Pangayao et al.

Acknowledgement
This research is funded by Engineering Research and Development for
Technology (ERDT) – Department of Science and Technology (DOST),
Philippines and Campus France, Republic of France. Also, we like to thank the
private coal fired power plant and Ile de France Region for the ICP-OES analysis.

References
1.

2.

3.

4.

5.

6.

7.

8.
9.

10.

11.

12.

13.
14.

Izquierdo, M.; and Querol, X. (2012). Leaching behavior of elements from
coal combustion fly ash: An overview. International Journal of Coal
Geology, 94, 54-66.
Jayaranjana, M.L.D.; van Hullebusch, E.D.; and Annachhatre, A.P. (2014).
Reuse options for coal fired power plant bottom ash and fly ash. Reviews in
Environmental Science and Biotechnology, 13(4), 467-486.
Meawad, A.; Bojinova, D.; and Pelovski, Y. (2010). An overview of metals
recovery from thermal power plant solid wastes. Waste Management,
30(12), 2548-2559.
Asghari, I.; Mousavi, S.M.; Amiri, F.; and Tavassoli, S. (2013). Bioleaching
of spent refinery catalysts: A review. Journal of Industrial and Engineering
Chemistry, 19(4), 1069-1081.
Lee, J-C.; and Pandey, B.D. (2012). Bio-processing of solid wastes and
secondary resource for metal extraction - A review. Waste Management,
32(1), 3-18.
Bakhtiari, F.; Atashi, H.; Zivdar, M.; Seyedbagheri, S.; and Fazaelipoor, M.
H. (2011). Bioleaching kinetics of copper from smelter dust. Journal of
Industrial and Engineering Chemistry, 17(1), 29-35.
Kelly, D.; and Wood, A. (2000). Reclassification of some species of
Thiobacillus to the newly designated genera Acidithiobacillus gen. nov.,
Halothiobacillus gen. nov. and Thermithiobacillus gen.nov. International
Journal of Systematic and Evolutionary Microbiology, 50, 511-516.
Hansford, G.S.; and Vargas, T. (2001). Chemical and electrochemical basis
for bioleaching process. Hydrometallurgy, 59(2-3), 135-145.
Xia, J.; Peng, A.; He, H.; Yang, Y.; Liu, X.; and Qui, G. (2007). A new
strain Acidithiobacillus albertensis BY-05 for bioleaching of metal sulfide
ores. Transactions of Nonferrous Metals Society of China, 17(1), 168-175.
Starosvetsky, J.; Zukerman, U.; and Armon, R.H. (2013). A simple medium
modification for isolation, growth and enumeration of Acidithiobacillus
thiooxidans (syn. Thiobacillus thiooxidans) from water samples. Journal of
Microbiological Methods, 92(2), 178-182.
Demir, U.; Yamik, A.; Kelebek, S.; Oteyaka, B.; Ucar, A.; and Sahbaz, O.
(2008). Characterization and column flotation of bottom ashes from
Tuncbilek power plant. Fuel, 87(6), 666-672.
Skodras, G.; Grammelis, P.; Prokopidou, M.; Kakaras, E.; and
Sakellaropoulos, G. (2009). Chemical, leaching and toxicity characteristics
of CFB combustion residues. Fuel, 88(7), 1201-1209.
Ahmaruzzaman, M. (2010). A review on the utilization of fly ash. Progress
in Energy and Combustion Science, 36(3), 327-363.
Hareeparsad, S.; Tiruta-Barna, L.; Brouckaert, C.; and Buckley, C. (2011).
Quantitative geochemical modelling using leaching tests: Application for

Journal of Engineering Science and Technology

Special Issue 8 1/2015

Bioleaching of Trace Metals from Coal Ash Using Mixed Culture of . . . . 45

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

coal ashes produced by two South African thermal processes. Journal of
Hazardous Materials, 186(2-3), 1163-1173.
Akar, G.; Polat, M.; Galecki, G.; and Ipekoglu, U. (2012). Leaching
behavior of selected trace metals in coal fly ash samples from Yenikoy coalfired power plants. Fuel Processing Technology, 104, 50-56.
Neupane, G.; and Donahoe, R. (2013). Leachability of elements in alkaline
and acidic coal fly ash samples during batch and column leaching tests.
Fuel, 104, 758-770.
Ishigaki, T.; Nakanishi, A.; Tadeda, M.; Ike, M.; and Fujita, M. (2005).
Bioleaching of metal from municipak incineration flu ash using mixed
culture of sulfur-oxidizing and iron-oxidizing bacteria. Chemosphere, 60(8),
1087-1094.
Moura, M.J.; Ribiero, B.; Sousa, J.; and Costa-Ferreira, M. (2008). Leaching
of petroleum refinery ash by acidophilic sulfur oxidizing microbial cultures.
Bioresource Technology, 99(18), 8840-8843.
Pradhan, D.; Mishra, D.; Kim, D.; Ahn, J.; Chaudhury, G.R.; Lee, S.W.
(2010). Bioleaching kinetics and multivariate analysis of spent petroleum
catalyst dissolution using acidophiles. Journal of Hazardous Materials,
175(1-3), 267-273.
Manohar, M.; Joseph, J.; Selvaraj, T.; and Sivakumar, D. (2013).
Application of Box-Behnken design to optimize the parameters for turning
Inconel 718 using coated carbide tools. International Journal of Scientific
and Engineering, 4(4), 620-642.
Amenaghawon, N.A.; Nwaru, K.I.; Aisien, F.A.; Ogbeide, S.E.; and
Okieimen, C.O. (2013). Application of Box-Behnken Design for the
optimization of citric acid production from corn starch using Aspergillus
niger. British Biotechnology Journal, 3(3), 236-245.
Liu, Y-G.; Zhou, M.; Zeng, G-M.; Li, X.; Xu, W-H.; and Fan, T. (2007).
Effects of solids concentration on removal of heavy metals from mine
tailings via bioleaching. Journal of Hazardous Materials, 141(1), 202-208.
Kim, I.S.; Lee, J-U.; and Jang, A. (2005). Bioleaching of heavy metals from
dewatered sludge by Acidithiobacillus ferrooxidans. Journal of Chemical
Technology and Biotechnology, 80(12), 1339-1348.
Lombardi, A.; and Garcia, Jr.O. (2002). Biological leaching of Mn, Al, Zn,
Cu and Ti in an anaerobic sewer sludge effectuated by Thiobacillus ferrooxdans
and its effect on metal partitioning. Water Resource, 36, 3193-3202.
Krebs, W.; Bachofen, R.; and Brandl, H. (2001). Growth stimulation of
sulfur oxidizing bacteria for optimization of metal leaching efficiency of fly
ash from municipal solid waste incineration. Hydrometallurgy, 59(2-3), 283-290.
Siedel, A.; Zimmels, Y.; and Armon, R. (2001). Mechanism of bioleaching
of coal fly ash by Thiobacillus thiooxidans. Chemical Engineering Journal,
83(2), 123-130.
Amiri, F.; Mousavi, S.M.; Yaghmaei, S.; and Barati, M. (2012). Bioleaching
kinetics of a spent refinery catalyst using Aspergillus niger at optimal
conditions. Biochemical Engineering Journal, 67, 208-217.

Journal of Engineering Science and Technology

Special Issue 8 1/2015

