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Abstract—Spent petroleum catalyst from Korean petrochemical 

industry contains trace amount of metals such as Ni, V and Mo. 
Therefore an attempt was made to recover those trace metal using 
bioleaching process. Different leaching parameters such as Fe(II) 
concentration, pulp density, pH, temperature and particle size of  
spent catalyst particle were studied to evaluate their effects on the 
leaching efficiency. All the three metal ions like Ni, V and Mo 
followed dual kinetics, i.e., initial faster followed by slower rate. The 
percentage of leaching efficiency of Ni and V were higher than Mo. 
The leaching process followed a diffusion controlled model and the 
product layer was observed to be impervious due to formation of 
ammonium jarosite (NH4)Fe3(SO4)2(OH)6. In addition, the lower 
leaching efficiency of Mo was observed due to a hydrophobic coating 
of elemental sulfur over Mo matrix in the spent catalyst. 

 
Keywords—Bioleaching, diffusion control, shrinking core, spent 

petroleum catalyst. 
 

I. INTRODUCTION 
HE annual production of spent petroleum catalyst 
containing different metals is estimated to be 150,000-

170,000 tons/year [1]. It is regarded as hazardous due to 
significant amounts of various heavy metal ions [2]. Several 
processes have been developed to recover metal values from 
waste petroleum catalyst [3-9]. The metal values can either be 
recovered through pyro or hydrometallurgical routes. In the 
pyrometallurgical route, various techniques are followed such 
as direct smelting, calcination and smelting, chlorination and 
salt roasting [3-5]. In the hydrometallurgical route, initially the 
waste material is roasted followed by either acid or alkali 
leaching [6-8]. Direct leaching of spent catalyst is also carried 
out at elevated pressure [9]. 
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Due to the several drawbacks of the conventional 
techniques described above, biotechnological leaching 
processes have been developed as potential alternative 
methods. The main advantage in the bio-hydro technique is 
the ease of operation as well as limited use of process control, 
thus making the operation more users friendly. Bioleaching 
studies of spent catalyst have been reported using different 
types of bacteria, both heterotrophic as well as autotrophic 
[10-13]. There are several factors which affect bioleaching 
kinetics such as pH, nutrient concentration, pulp density, 
reaction time, metal toxicity, temperature etc. The present 
communication describes the effect of various leaching 
parameters vis-à-vis leaching efficiency using a mixed iron 
oxidizing bacteria culture. 
 

II.  MATERIALS AND METHODS 
 

A.  Preparation of Solid Sample Prior to Leaching 
The collected spent petroleum catalyst was covered with oil 

which was removed by washing in acetone using a soxhlet 
extractor. The de-oiled mass was dried, ground and sieved to 
the required size fraction. The metal content in the waste was 
analyzed by ICP-AES (Jobin-Yvon JY 38). The typical 
chemical composition of the spent catalyst was as follows 
(wt%): Al, 19.5; S, 11.5; Ni, 2.0; V, 9.0; Mo, 1.4; Fe, 0.3. 

 
B. Microorganisms 
The water sample collected from an effluent pond at the 

Dalsung mine in south Korea was cultured in 9K media at pH 
of 1.8 [14]. The growth pattern of bacteria was observed by 
analyzing residual ferrous concentration in the growth media. 
The concentrations of ferrous in the medium was analyzed by 
a titration method using 0.1N potassium dichromate as titrant 
and barium diphenylamine-4-sulfonate (BDAS) as a redox 
indicator. All leaching studies were conducted using the active 
bacterial culture.  

 
C. Bioleaching 
All leaching experiments were conducted in 250 mL 

Erlenmeyer flasks containing 90 mL media and 10 mL 
inoculum in each. A centrifugal shaker-cum-incubator was 

T 
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used with the speed fixed at 180 rpm. Periodically, samples 
were collected to determine the pH, Eh and metal ion 
concentrations. The metal content in leach liquor was analyzed 
by ICP-AES. The following leaching conditions were 
maintained unless otherwise specified: Fe(II),10 g/L; pulp 
density, 10%; pH, 2.0; temperature, 35 oC; particle size, 106 
μm. All experiments were carried out in triplicate and the 
standard deviations of the results were found to be ± 5%. 

 
III.  RESULTS AND DISCUSSION 

 

A. Effect of Contact Time 
Bioleaching studies were carried out for 15 days in order to 

optimize the leaching time. The results are shown in Fig. 1. 
The leaching kinetics for all the elements followed dual 
kinetics, i.e., initial faster rate followed by a slower rate. The 
initial faster kinetics accounted for around 60% and lasted 
around 4 days. The slower kinetics then continued upto 10 
days and beyond that the leaching was negligible. Therefore, 
in all cases, the leaching studies were limited to 10 days. The 
dual rate of leaching may be due to either depletion of easily 
available reacting species or formation of product layer or 
diffusion limited like surface and intra-particle or combination 
of all. It was further observed that the leaching rate varied 
widely amongst the constituents as Ni and V showed similar 
leaching rates whereas Mo leached much slower. The slower 
Mo leaching rate may be due to various factors such as crystal 
structure and presence of a diffusion layer. Pradhan et al. [10] 
reported that Mo and Ni were present as sulfides (using XRD) 
and all other species (Al, V and Fe) were in their respective 
oxide form. The basic difference between sulfide and oxide 
forms is that the former requires an oxidant. The oxidant in the 
present case is biologically generated Fe(III) formed as a 
metabolite during the activities of the acidophiles.  Further, the 
sulfides of Mo being refractory thereby reduced the leaching 
kinetics [15]. In addition, Pradhan et al. [11] reported that 
elemental sulfur forming a layer over Mo matrix could prevent 
the access of the attacking species. 
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Fig. 1 Effect of contact time on bioleaching efficiency (Conditions: 
initial Fe(II) conc., 10 g/L; pulp density, 10 % (w/v); initial pH, 2.0; 
temperature, 35 oC; particle size, -106 µm; shaking speed,180 rpm) 

 
B. Effect of Fe(II) Concentration 
Since Fe(II) is the energy source for the acidophiles, 

concentration of Fe(II) is an important parameter in 

determining the bioleaching kinetics. The dissolution process 
is bacterially assisted, therefore the leaching should depend on 
the bacterial activity and thus the availability of Fe(II). In 
addition, Fe(III) being an oxidant, would actively participate 
during dissolution of sulfide matrix. For that purpose the 
Fe(II) concentration was varied between 0 to 25 g/L. The 
results are shown in Fig. 2. It was observed that the leaching 
rate increased with increase of initial Fe(II) concentration upto 
10 g/L and on further increase it showed a negative trend. The 
decrease of leaching efficiency after a certain Fe(II) 
concentration may be either due to toxicity of metabolites or 
formation of a product layer or both. In order to determine the 
bacterial activity, iron oxidation rates for different initial Fe(II) 
concentrations were evaluated based on sulfide dissolution 
under the assumption that dissolution occurred via an indirect 
mechanism [16] Iron precipitation rate was also calculated 
simultaneously. The results are shown in Table I. The decrease 
of iron oxidation rate beyond a certain Fe(II) level may be due 
to improper adaptation of the bacteria with the leaching media 
or metabolic toxicity such as an increase in Fe(III) 
concentration [17]. The iron precipitation rate showed a direct 
relationship with the initial Fe(II) concentration, i.e. 
precipitation rate increased with the increase of initial Fe(II) 
(Table I). The XRD analyses of the leached residues 
confirmed the precipitated iron to be ammonium jarosite 
(NH4)Fe3(SO4)2(OH)6 (data not shown). In all the experiments, 
pH decreased with time indicating a net production of acid. 
The generation of acid during leaching was due to iron 
precipitation as well as oxidation of sulfur. It was further 
observed that Eh showed an upward trend in all the cases 
indicating the maintenance of proper oxidizing conditions for 
the dissolution of the sulfide moiety. Therefore, the decrease 
of leaching efficiency beyond certain Fe(II) concentration may 
be due to the formation of product layer as the leaching 
environment contained sufficient amounts of acid as well as 
suitable oxidizing conditions for dissolution of oxides and 
sulfides respectively. 
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Fig. 2  Efficiency of bioleaching at different initial Fe(II) 

concentration (Conditions: contact time, 10 days; pulp density, 10 % 
(w/v); initial pH, 2.0; temperature, 35 oC; particle size, -106 µm; 

shaking speed,180 rpm) 
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C. Effect of Pulp Density 
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Fig. 3 Effect of pulp density on leaching efficiency of different metals 
(Conditions: contact time, 10 days; initial Fe(II) conc., 10 g/L; initial 

pH, 2.0; temperature, 35 oC; particle size, -106 µm; shaking 
speed,180 rpm) 

 
Pulp density is an important parameter involved in 

determining the process feasibility because a greater pulp 
density enables use of a smaller reactor. The leaching studies 
were carried out by varying the pulp density from 5 to 25%. 
As shown in Fig. 3, the leaching efficiency decreased with the 
increase of pulp density. This may have occurred due to 
improper mixing of the particles with the lixiviant, and 
inadequate diffusion of oxygen which may have decelerated 
bacterial growth or improper growth of bacteria in higher pulp 
density. The Eh values of the solution at 5 and 25% pulp 
density were around 600 and 500 mV respectively, showing 

less oxidizing condition at higher pulp density. The iron 
precipitation rate also increased with the increase of pulp 
density (Table I). Therefore, increase of precipitation rate 
coupled with decreasing oxidizing condition may have been 
due to decrease of leaching efficiency with the pulp density. 

 
D. Effect of pH 
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Fig. 4 Effect of initial pH on efficiency (Conditions: initial Fe(II) 

conc., 10 g/L; pulp density, 10 % (w/v); contact time, 10 days; 
temperature, 35 oC; particle size, -106 µm; shaking speed,180 rpm) 

 
To evaluate the effects of acidity, the initial pH was varied 

from 1.5 to 3. The leaching efficiency increased with increase 
of pH up to 2 for Ni and V and thereafter showed a downward 
trend (as shown in Fig. 4) whereas Mo leaching efficiency 
decreased with increase of pH. The iron precipitation rate 
increased with the increase of pH (Table I) and this iron 
precipitation may be the cause of the decrease of leaching 
efficiency with the increase of pH. The Eh of the solution in 
all cases varied in the range 550-650 mV indicating good 
oxidizing conditions.  

 
E. Effect of Temperature 
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Fig. 5 Effect of temperature on leaching efficiency (Conditions: 

initial Fe(II) conc., 10 g/L; pulp density, 10 % (w/v); initial pH, 2.0; 
contact time, 10 days; particle size, -106 µm; shaking speed,180 rpm) 

 
The temperature was varied from 10 to 35oC. The leaching 

efficiency increased with the increase of reaction temperature, 
thus indicating the dissolution process to be endothermic in 
nature. The leaching results are shown in Fig. 5. The iron 
oxidation and precipitation rates are shown in Table I. The iron 
precipitation rate increased with the increase of reaction 
temperature. The activation energy was calculated from the 

TABLE I 
IRON OXIDATION AND PRECIPITATION RATE DURING BIOLEACHING FOR 

DIFFERENT PARAMETERS 

Iron oxidation 
rate 

Iron 
precipitation 
rate Parameters 

Rate, 
g/L/day R2 Rate, 

g/L/day R2 

0 0.075 0.88 - - 
5 0.114 0.91 0.249 0.93 
10 0.115 0.93 0.711 0.91 
15 0.107 0.91 1 0.99 
20 0.104 0.9 1.36 0.99 

Fe(II) 
variation, g/L 

25 0.084 0.88 1.507 0.99 
5 0.124 0.91 0.704 0.89 
10 0.115 0.93 0.711 0.91 
15 0.101 0.96 0.744 0.91 
20 0.094 0.95 0.759 0.91 

Pulp 
density, %(w/v) 

25 0.081 0.95 0.784 0.91 
3 0.081 0.9 0.778 0.99 
2.5 0.096 0.92 0.735 0.97 
2.25 0.109 0.92 0.703 0.96 
2 0.115 0.93 0.711 0.91 
1.75 0.112 0.92 0.211 0.97 

pH variation 

1.5 0.096 0.89 0.009 0.45 
10 0.034 0.99 0.116 0.8 
15 0.051 0.95 0.171 0.94 
20 0.08 0.94 0.194 0.99 
25 0.102 0.95 0.396 0.91 
30 0.114 0.94 0.54 0.92 

Temperature, 
oC 

35 0.115 0.93 0.711 0.91 
-212 0.085 0.87 0.69 0.93 
-106 0.115 0.93 0.711 0.91 Particle size, 

μm 
-45 0.102 0.86 0.649 0.92 
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Arrhenius equation by plotting ln(reaction rate) versus 
1/Temperature [18]. From the slope, the of activation energies 
for different metals were calculated. The activation energies 
for Ni, V and Mo were calculated to be 3.1, 5.2 and 11.4 
kJ/mole, respectively. Based on these activation energies it can 
be concluded that the dissolution process followed a mixed 
kinetic reaction [18].  

 
F.  Effect of Particle Size 
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Fig. 6 Effect of particle size on leaching efficiency (Conditions: 

initial Fe(II) conc., 10 g/L; pulp density, 10 % (w/v); initial pH, 2.0; 
contact time, 10 days; temperature, 35 oC; shaking speed,180 rpm) 

 
Bacterial leaching studies were carried out for three 

different particle sizes, namely-45, -106 and -212 μm. The 
leaching efficiency increased with the decrease of particle size 
as shown in Fig. 6. The iron oxidation and precipitation rates 
are shown in Table I. The increase of leaching efficiency with 
the decrease of particle size is due to the increased surface 
area when smaller particles were used. 

 
G.  Evaluation of Kinetic Model 
The dissolution rates were found to depend on various 

leaching parameters. The XRD analyses of the leached residue 
showed the presence of ammonium jarosite 
(NH4)Fe3(SO4)2(OH)6 as a product layer. If the leaching 
process is controlled by diffusion and the product layer, as 
well as the elemental sulfur, are impervious to attacking 
species, then the leaching kinetics can be written as follows 
[18]: 

( )3
2

1
3
21 xxtk p −−−=                           (1)          

where, kp = parabolic rate constant 
t = time 
x = fraction reacted 
 

Alternatively, if the product layer as well as sulfur is porous, 
then it would not hinder the attacking species and the 
dissolution process would be controlled by the shrinking core 
particle model [18]. Therefore, the kinetic equation can be 
written as follows: 

( )3
1

11 xtkc −−=                                    (2)             

where, kc = rate constant 
t = time 
x = fraction reacted 

The diffusion model requires a plot of 1-2/3x-(1-x)2/3 versus 
t would give a straight line where the slope would be kp. 
Similarly, for a shrinking core model, a plot of 1-(1-x)1/3 
versus t would give a straight line and the slope would be kc. 
Both the model equations are used to determine the nature of 
the product layer and the results are shown in Figs. 7 and 8. 
From the figures, it can be observed that the slopes of the 
diffusion control models are passing through zero unlike the 
shrinking core particle model. Furthermore, the R2 values 
indicated that the product layer is impervious and therefore 
rate determining (Table II). 
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Fig. 7 Diffusion control for different initial Fe(II) concentration 
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Fig. 8 Chemical control for different initial Fe(II) concentration 
 

IV.  CONCLUSION 
In this study, experiments were conducted to evaluate the 

leaching efficiency of Ni, V and Mo from spent petroleum 
catalyst using iron oxidizing bacteria. The dissolution process 
followed dual kinetics, i.e. an initial faster rate followed by a 
slower one, attaining equilibrium after 10 days of reaction 
time. The initial concentration of Fe(II) played an important 
role in determining the leaching efficiency. The leaching 
efficiency showed an upward trend up to 10 g/L Fe(II) 
concentration and then  downward on further increase of 
Fe(II) concentration. This may be due to the increase of iron 
precipitation rate. The leaching efficiency decreased with 
increase of pulp density, probably due to improper mixing or 
an increase of iron precipitation rate or a lack of oxygen or 
combination of all these factors. Acidity and particle size also 
played an important role in determining the leaching efficiency. 
The activation energy favored a mixed kinetics model. The 
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dissolution reaction followed a product layer diffusion 
controlled mechanism. The diffusivity coefficients for Ni, V 
and Mo dissolutions were also calculated. 
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TABLE II 
RATE CONSTANTS OF DIFFUSION CONTROL AND SHRINKING CORE MODEL FOR NI, V 

AND MO 

Nickel Vanadium Molybdenum 
Diffusion 
control 

Chemical 
control 

Diffusion 
control 

Chemical 
control 

Diffusion 
control 

Chemical 
control 

 
kp 
x103 R2 

kc 
x102 R2 

kp 
x103 R2 

kc 
x102 R2 

kp 
x105 R2 

kc 
x103 R2 

Fe(II) variation, g/L 
0 1.2 .9 0.97 .8 0.9 .96 0.86 .89 0.4 .98 1.8 .9 
5 3.4 .9 1.68 .8 2 .86 1.27 .76 8 .99 2.5 .91 
10 4.4 .9 1.89 .8 2.5 .81 1.39 .7 10 .99 3.2 .93 
15 4 .9 1.82 .8 2.3 .84 1.35 .73 5 .99 2 .9 
20 3.5 .9 1.7 .8 1.7 .82 1.14 .71 3 .99 1.7 .93 
25 2.9 .9 1.56 .8 1.5 .89 1.08 .78 1 .99 1 .89 
Pulp density, %(w/v) 
5 5.1 .9 2.06 .8 3.4 .85 1.67 .74 20 .98 3.6 .91 
10 4.4 .9 1.89 .8 2.5 .81 1.39 .7 10 .99 3.2 .92 
15 4.3 .9 1.85 .8 1.9 .77 1.19 .66 10 .99 3 .92 
20 3.7 .9 1.71 .8 1.5 .79 1.05 .67 8 .99 2.6 .94 
25 3.6 .9 1.69 .8 1.3 .79 0.99 .68 6 .99 2.4 .96 
pH variation 
3 2.8 .9 1.51 .8 0.7 .97 0.72 .86 1 .87 0.8 .69 
2.5 3.5 .9 1.69 .8 1 .86 0.82 .72 4 .95 1.7 .82 
2.25 4.1 .9 1.82 .8 2.1 .9 1.27 .77 8 .99 2.7 .92 
2 4.4 .9 1.89 .8 2.5 .81 1.39 .7 10 .99 3.2 .92 
1.75 4.2 .9 1.85 .8 2.2 .81 1.29 .7 20 .99 3.7 .89 
1.5 2.8 .9 1.46 .7 1.7 .88 1.12 .74 20 .98 4.3 .87 
Temperature, oC 
10 1.5 .9 1.08 .8 0.5 .88 0.6 .75 0.4 .93 0.6 .97 
15 1.7 .9 1.13 .8 0.6 .89 0.68 .74 2 .98 1.3 .97 
20 2.3 .9 1.34 .8 0.9 .86 0.79 .71 3 .99 1.7 .96 
25 2.9 .9 1.51 .8 1.4 .92 1.01 .77 7 .99 2.6 .96 
30 3.9 .9 1.76 .8 2 .83 1.24 .71 10 .98 3 .97 
35 4.4 .9 1.89 .8 2.5 .81 1.39 .7 10 .99 3.2 .95 
Particle size, μm 
212 2.8 .9 1.44 .7 1.6 .93 1.07 .78 0.6 .98 2.4 .94 
106 4.4 .9 1.89 .8 2.5 .81 1.39 .7 10 .99 3.2 .93 
45 4.7 .8 1.92 .7 3.3 .88 1.64 .75 10 .99 3.4 .91 


