
  
Abstract—The present investigation deals with bioleaching of 

spent petroleum catalyst using At. ferrooxidans and At. thiooxidans. 
The spent catalyst used in the present study was pretreated with 
acetone to remove the oily hydrocarbons. FESEM and XPS analysis 
indicated the presence of metals in sulfide and oxide forms in spent 
catalyst. Both At. ferrooxidans and At. thiooxidans were found to be 
highly effective in producing the acid. Bioleaching with At. 
ferrooxidans and At. thiooxidans led to higher recovery of metals 
compare to control. During bioleaching similar recoveries of metals 
were obtained using At. ferrooxidans and At. thiooxidans. This might 
be due to the presence of metals as soluble oxides and sulphides in 
the spent catalyst. At the end of bioleaching, about 87-90% Ni, 34% 
Al, 65-73% Mo and 92-97% V were leached using above bacteria. It 
is elucidated that bioleaching with At. thiooxidans is comparatively 
more advantageous due to lower cost of sulphur.   
 

Keywords—Spent catalyst, At. ferrooxidans, Bioleaching, Metal 
recovery. 

I. INTRODUCTION 
IL refinery industries use huge quantity of metal catalysts 
in order to produce desirable products from its precursors. 

These catalysts constitute of different metals such as, Ni, V, 
Co, Mo, Fe etc. The metals in the catalyst are present in the 
form of oxides and sulfides [1]. The catalysts are used 
continuously until its catalytic value approaches zero. These 
deactivated catalysts are now considered as waste materials 
and referred as spent catalyst. Due to presence of heavy metal, 
spent catalyst is categorized into hazardous waste. The spent 
catalyst therefore needs to be treated for its heavy metal 
content to ensure safe disposal. Conventionally, pyro-
metallurgical and hydrometallurgical techniques have been 
used to recover metal values from spent catalyst [2], [3]. 
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However, both these processes are energy expensive and also 
produce secondary pollutants. Recently, research focus has 
been shifted towards an alternative technique known as 
biohydro-metallurgical process.  

Biohydro-metallurgical processes employed for recovery of 
metals are eco-friendly and cost effective. Biohydro-
metallurgical processes are based on the metabolic activity of 
iron and sulfur-oxidizing microorganisms leading to the 
solubilization of metals. In the past, many bioleaching studies 
have been reported by using iron and sulphur-oxidizing 
microorganisms such as Acidithiobacillus ferrooxidans (At. 
ferrooxidans) and Acidithiobacillus thiooxidans (At. 
thiooxidans) [4]-[7]. Briand et al. used At. thiooxidans to treat 
a spent vanadium-phosphorous catalyst [8]. Mulak et al. 
investigated the effect of different parameters on the rate of 
nickel leaching from spent nickel oxide catalyst (NiO and 
Al2O3) [9].  

The bioleaching of metals from ores depends upon the 
bacterial oxidation of Fe2+ and sulfur into Fe3+ and H2SO4, 
respectively. At. ferrooxidans is capable of oxidizing both Fe2+ 
and sulfur species whereas At. thiooxidans can oxidize only 
sulfur during bioleaching. Many investigations have been 
performed for metal recovery from petroleum refinery spent 
catalyst using Fe/S oxidizing bacteria. However, not much 
work has been reported on evaluation of comparative 
efficiency of At. ferrooxidans and At. thiooxidans in 
solubilization of metals from spent catalyst. 

In the present study, a comparative evaluation of 
bioleaching using At. ferrooxidans and At. thiooxidans has 
been reported. The experiments were conducted using acetone 
washed spent catalyst in 2.5 L stirred tank batch reactor. 

II. MATERIALS AND METHODS 

A. Spent Petroleum Catalyst 
The spent catalyst used in bioleaching experiments was 

received from the Petroleum Refinery Company located in 
South Korea. The raw spent catalyst was coated with oily 
matter and therefore was pretreated with acetone in a soxhlet 
apparatus followed by drying in a hot air oven. The acetone 
washed dried spent catalyst was ground using vibrating cup 
mill (FRITISH, Germany, No. 094000/01109). This acetone 
washed dried powder sample was used as a feed material in all 
experiments. The particle size distribution was determined by 
using Malvern Mastersizer (HYDRO 2000 MU). The particle 
size ranged from 1 to 200 µm.  
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Thermo‐gravimetric analysis was carried out using a TG-
DTA analyzer (SHIMADZU, Model DTG-60H) with air as a 
carrier gas. The sulphur and carbon analysis was performed 
using LECO (CS-600) analyzer. Mineralogical phases were 
determined using X-ray photoelectron spectroscopy (XPS 
Thermo scientific model-Sigma probe) at a beam voltage of 15 
kV and beam current of 6.7mA. For XPS analysis, a 
monochromatic AlKα (1486.7eV) X-ray radiation was 
allowed to fall at 30º on powdered sample placed on the 
carbon tape. The emitted electron from sample was detected 
by analyzer placed at an angle of 40º. The surface topography 
of acetone washed spent catalyst was examined using Field 
Emission Scanning Electron Microscope (FESEM) model 
Magellan 400 and is shown in Fig. 1. FESEM result confirmed 
the presence of Ni, Al, Mo, O, S and V in the spent catalyst 

 

 
Fig. 1 FESEM images of acetone washed spent catalyst 

 
The chemical composition of the acetone washed spent 

catalyst was determined by Induced Couple Plasma 
Spectroscopy (OES) (PerkinElmer's Optima 8300). The 
concentration of Ni, Al, Mo, V, and S is presented in Table I.  

 
TABLE I 

CHEMICAL ANALYSIS OF ACETONE WASHED SPENT CATALYST 
Elemental composition (%) 

Ni Al Mo V C S 
3.31 20.56 2.58 11.40 1.48 4.55 

B. Microorganism and Growth Condition 
Pure strains of At. ferrooxidans and At thiooxidans were 

obtained from the Korea Research Institute of Bioscience and 
Biotechnology (KRIBB) culture center. At. ferrooxidans was 

grown in IEM medium composed of three components 
solution A, B and C. Medium for batch culture was prepared 
by adding to distilled water: ferrous sulfate heptahydrate 
solution A (1.0mL L–1); macronutrient solution B (20mL L–1) 
and micronutrient solution C (1.0mL L–1) [10]. The 20g L-1 
Fe2SO4

.7H2O (4 g L-1 Fe2+) and 10 g L-1 S0 were added to the 
medium as bacterial energy sources. The final pH was 
adjusted to 1.68. At. thiooxidans was grown in iron free 9K 
medium supplemented with 10g L-1 S0 as an energy source at 
pH 3.5. After achieving complete growth, the bacterial cells 
were passed through a membrane filter (0.45µm) and the cells 
were inoculated in respective batch reactors for further 
experiment. 

C. Bioleaching Experiments 
Experiments were carried out in stirred tank batch reactors 

(2.5L) using At. ferrooxidans and At. thiooxidans separately. 
All the experiments were performed in a controlled 
environmental conditions such as initial pH-1.4±0.05, stirring 
speed-250rpm, working volume-1L. Prior to the bioleaching 
with At. ferrooxidans, the bacterial cells were suspended in 
fresh IEM medium supplemented with 4g L-1 Fe2+ and 10g L-1 
elemental S0 at pH 1.68. When all Fe2+ converted to Fe3+ and 
pH decreased to 1.4, acetone washed spent catalyst was added 
to this medium (10 g L-1). Similarly, At. thiooxidans were 
suspended in iron free 9K medium by providing 10g L-1 S0. 
When pH of the medium decreased to 1.4, acetone washed 
spent catalyst was added to this reactor (10g L-1). All the 
experiments were continued till 120h. One control experiment 
was also performed without addition of bacterial cells under 
similar conditions. To the above reactors, continuous air was 
supplied at a flow rate of 1 LPM to ensure homogenous 
mixing of the bioleaching pulp.  

Samples were withdrawn at every 20h for analysis of Fe, Ni, 
Al, Mo and V. pH measurements were conducted using an 
Orion portable pH meter whereas redox potential was 
measured using a platinum electrode fitted with a Ag/AgCl 
reference electrode. At the end of experiments, bioleach pulp 
was filtered by passing through Whatman filter paper No. 1 to 
separate liquid and solids. The liquid solution was analyzed by 
ICP-OES for the elements Fe, Ni, Al, Mo, V. The leaching 
yields of the desired element was calculated based on both the 
elemental content of the feed and leach liquor as per the 
formula given below. 

 
Leaching yield (%) M

M
 ] x100 

 
where, M(l) is the metal (Ni, V, Mo, Al) content in the leach 
liquor and M(f) is the metal (Ni, V, Mo, Al) content in the 
feed catalyst. 

III. RESULTS AND DISCUSSION 

A. Characterization Of Spent Catalyst 
TG/DTA profile of the raw and acetone washed spent 

catalyst is illustrated in Fig. 2. The temperature difference i.e. 
the peaks in the DTA plot are associated with phase transitions 
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The difference of the pH value can be explained on the 
basis of oxidizing capacity of bacteria. At. ferrooxidans and At. 
thiooxidans have the ability to oxidize elemental sulfur into 
H2SO4 which results in decrease in pH. The acid produced by 
the bacteria compensated the acid consumed by metal oxides 
during bioleaching experiments. On the other hand, in control 
experiment, the acid consumed by spent catalyst was not 
compensated due to the absence of bacterial activity resulting 
in high pH. In the present investigation (Fig. 4), At. 
ferrooxidans was found to be highly effective in producing 
acid as compared to At. thiooxidans.  

 

 
Fig. 4 The pH evolution profile during bioleaching and control 

 
Spent catalyst was found to contain metals in oxide form 

(Fig. 3). Some of the metals were also present in sulfidic 
forms. The metal sulfides can be categorized into two types, 
acid soluble and acid insoluble. The acid insoluble metal 
sulfides followed the thiosulphate pathway as in the case of 
pyrite (FeS2) and molybdenite (MoS2) whereas acid soluble 
sulfides follow the polysulphide pathway [11]. The 
solubilization of acid insoluble metal sulfides is depends on 
the action of Fe3+. The spent catalyst contains iron and 
molybdenum sulfides which are oxidized by the Fe3+ ion 
generated by At. ferrooxidans as shown in (2): 
 
MeS + 4Fe3+ + 1.5 H2O → Me2+ + 4Fe2+ + 0.5 S2O3

2- + 3H+ (2) 
  

The sulphur intermediates formed (S2O3
2- or S0) are 

oxidized by the bacterium to form sulphate ions and H+ ions 
compensating the part of acid consumption (3) and (4). 

 
S2O3

2- + H2O + O2 → 2SO4
2- + 10H+      (3) 

 
S0 + (3/2) O2 + H2O (bacteria) → 2H+ + SO4

2         (4) 
 

The acid insoluble metal sulfides could not be solubilized 
by At. thiooxidans due to its sulfur specific oxidizing activity. 
The acid soluble metal sulfides were solubilized by both At. 
ferrooxidans and At. thiooxidans. 

 

C. Bioleaching Yield 
Figs. 5 (a) and (b) represent the leaching profile of metals 

during bioleaching with At. ferrooxidans and At. thiooxidans, 
respectively. During bioleaching with At. ferrooxidans (Fig. 5 
(a)), recovery of Ni and V was found to be higher as compared 
to Mo and Al. Similar leaching profile was also obtained 
during bioleaching with At. thiooxidans (Fig. 5 (b)). Recovery 
of Ni, Mo and V was significantly higher during bioleaching 
with At. ferrooxidans and At. thiooxidans as compared to 
control. 

Most of the metals during bioleaching were leached in first 
20h. About 80-85% Ni, 20-26% Al, 53-60% Mo and 82-86% 
V was leached in first 20 h followed by a slow increment till 
40h. After 40h, leaching remained constant till the end. 
Overall, higher recovery of Ni and V was obtained compared 
to Mo and Al during bioleaching with both At. ferroooxidans 
and At. thiooxidans. The higher recovery of Ni and V as 
compared to Mo and Al can be explained from Eh-pH diagram 
which was plotted using the metal ion concentrations in 
bioleach liquor (Figure not shown here). As per the Eh-pH 
diagram, Ni and V are highly soluble in the Eh and pH range 
of the present investigation. Under these conditions, Ni and V 
exits as soluble Ni2OH+3 and VO2

2+, respectively and resulted 
in higher yield. Low Mo recovery in both bioleaching 
experiments was due to its existence as insoluble MoO3

.H2O. 
The Eh-pH diagram for Al suggested its existence as soluble 
Al(OH)4

-1 in the leaching solution. On the contrary, low Al 
was recovered, which might be due to the fact that the Al was 
not leached out significantly from the Al2O3 matrix. The spent 
catalyst used in the present study was made up of aluminium 
matrix in the form of Al2O3. Al2O3 poses the properties such 
as high hardness, high melting point (2,072°C), boiling point 
(2,977°C) and insolubility in water making it a suitable 
candidate as supporting material and hence expected as a 
cause for low dissolution during bioleaching. Lower 
solubilization of Al was also observed in earlier bioleaching 
study conducted with spent catalyst [12]. The higher leaching 
yields of Ni and V in the present study is in agreement with a 
study performed with acetone washed spent catalyst [3], [5]. 
Bioleaching with At. ferrooxidans resulted in solubilization of 
90% Ni, 34% Al, 65% Mo and 97% V as compared to 87% Ni, 
34% Al, 73% Mo and 92% V with At. thiooxidans. Compared 
to bioleaching, control experiment resulted in low metals 
recovery (50% Ni, 19% Al, 60% Mo and 40% V). It was 
expected that At. ferrooxidans will result in high leaching 
yield due to the presence of two oxidants Fe3+ and H2SO4. 
However, similar metals recoveries were obtained during. 
bioleaching with At. ferrooxidans and At. thiooxidans. It was 
probably due to the presence of all metal sulfides in acid 
soluble form. Due to acid soluble metal sulfides, H2SO4 alone 
was sufficient for metal dissolution. At. thiooxidans resulted in 
similar recovery by using only one energy source (S0) and 
hence considered more economical as compared to At. 
ferrooxidans for possible scale up. 
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