
Fermentation in Biohydrometallurgy, a novel method for K and P removal from iron ore 

162 

 

CHAPTER SIX 

 

6. FERMENTATION IN BIOHYDROMETALLURGY, 

A NOVEL METHOD FOR K AND P REMOVAL 

FROM IRON ORE 

 

 

 

 

 

 

 
 
 



Fermentation in Biohydrometallurgy, a novel method for K and P removal from iron ore 

163 

 

Abstract 

A new method for reduction of potassium (K) and phosphorus (P) levels of iron ore minerals has 

been developed through the use of fermentation principles. The study was conducted through a 

process that involved fermentated spoilt grape fruits (Vitis sp.) and the solution from the product 

utilised in shake-flasks experiment. Treatments involved two types of iron ore minerals (KGT 

and SK) and two different particle sizes. Furthermore, different organic acids contained in the 

leaching solution were evaluated using High Performance Liquid Chromatography (HPLC). 

Scanning electron microscopy (SEM) and Fourier transform infrared (FTIR) spectroscopy were 

the other tools used to achieve study aim. The result linked the solubilisation of the iron ore 

minerals to high levels of gluconic and acetic acid in the leaching solution, as well as the biofilm 

and bacterial attachment to ore surfaces.  
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6.1 Introduction  

Iron is an essential source of primary iron for the global iron and steel industries (Meyer, 1985). 

It is traded and consumed in different forms in many countries (Astrup and Hammerbeck, 1998). 

Due to high demand, high quality iron ore minerals are being depleted and this has created a 

situation for accumulation of low-grade iron ore minerals that cannot be exported. Currently, 

there is a need for the development of a green technology that can be used to treat such poor 

quality iron ore minerals (Delvasto et al., 2009).  

Studies have attempted the use of biohydrometallurgical processes to improve the quality of low-

grade iron ore minerals (Parks et al., 1990; Delvasto et al., 2005; Delvasto et al., 2009). For 

instance, Parks et al. (1990) utilised metabolites produced by Penicillium-like organisms to 

reduce the phosphorus (P) content of the iron ore mineral. In another study, Delvasto et al. (2005) 

utilised Aspergillus niger isolated from the surface of iron ore to mobilise the P content of the 

iron ore minerals. A similar experiment was also carried out to investigate the potential of 

Burkholderia caribensis FeGL03 in reducing the P content of iron ore minerals (Delvasto et al., 

2009). Among other reasons cited by these investigators, organic acid production by microbes is 

probably the most important for leaching of iron ore.  

 

Although microbial leaching has been widely accepted due to friendliness of the technology to 

the ecosystem, there are still some few factors that have deterred the complete development or 

acceptance of this technology. Firstly, the source of carbon and energy needed by the 

microorganisms has always been a cause of concern to investigators (Jain and Sharma, 2004). 

This is because of the cost implication; the commercially available sources of carbon for 

microbes such as glucose, sucrose, and fructose are too expensive to be considered for 

bioleaching processes (Jain and Sharma, 2004). This problem is partially linked to the second 

factor; the issue of sterility. In heterotrophic leaching, most of the isolated and identified potential 

bioleaching microbes grow at neutral pH (close to pH 7), which supports growth of many 

microorganisms, and therefore encourages easy contamination of experiments (Jain and Sharma, 

 
 
 



Fermentation in Biohydrometallurgy, a novel method for K and P removal from iron ore 

165 

 

2004). Maintenance of a high level of sterility for biohydrometallurgical processes is probably 

not a feasible idea, especially for cheap mineral resources such as iron ore minerals. 

There is scanty information about studies that have attempted to tackle problems caused by these 

factors. A good example of an investigation that has focussed in this direction is the study 

conducted by Vasan et al. (2001). They carried out an experiment that involved the formulation 

of a new medium (Bromfield), using a cheap source of carbon (sugar cane). This special medium 

was then used to culture Paenibacillus polymyxa in the bioleaching of bauxite under septic 

conditions.  Unfortunately, from the available literature, there has not been any such study that 

utilised septic condition for biobeneficiation of iron ore minerals. 

This study was therefore, aimed at investigating the use of organic acid-producing bacteria for 

biobeneficiation of iron ore under septic conditions. The objective of this study was to utilise 

spoilt grape fruits - (usually harbouring organic acid-producing bacteria) for the production of a 

special leaching solution for biobeneficiation process.  
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6.2 Materials and Methods  

6.2.1 Origin and preparation of iron ore samples  

Two different types of iron ore samples, namely KGT (conglomerates) and SK (shale), were 

obtained from Sishen iron ore mine, Northern Cape Province of South Africa. The Induction 

Coupled Plasma (ICP) analyses of these iron ore types revealed that KGT originally contains an 

average of 0.805% K2O and 0.14% P, whereas SK has an average of 0.423% K2O and 0.09 % P. 

In addition, the chemical composition of the two ore types  used for this study, as confirmed by 

the ICP analyses are (average of four samples): - SiO2 (32.7%), Al2O3 (3.84%) and Fe2O3 

(63.1%) with trace values of TiO2, CaO, MgO, Na2O, MnO, Cr2O3, NiO, V2O5 and ZrO2 for SK.  

For KGT, the ore contains SiO2 (5.01%), Al2O3 (3.61%) and Fe2O3 (90.20%) with trace values of 

TiO2, CaO, MgO, Na2O, MnO, Cr2O3, NiO, V2O5 and ZrO2 . 

The iron ore materials were milled and separated into two different particle sizes of  >0.21 mm to 

<0.84 mm and >0.1 mm to<0.21 mm by sieving. Henceforth, these will be referred to as particle 

sizes A and B, respectively. Pretreatments of the iron ore samples are as stated in chapter two 

(section 2.2.2). 

6.2.2 Preparation of leaching solution  

Fermented liquid from Vitis sp., common grape, was used for this process. The preparation 

involved crushing of the grape fruit in a blender under sterile conditions. Three hundred grams of 

the crushed samples were mixed with 2L of deionised water. The mixture was left for 7 d to 

allow fermentation and multiplication of the bacteria to take place. This stage was also expected 

to allow accumulation of bacterial metabolites that can influence the leaching process. After 7 d, 

the solution obtained was filtered using filter paper (0.45 µm) to remove the carcass of the grape 

and the filtrate was used for the shake flask experiments. Henceforth, the filtrate will be referred 

to as grape solution (GS). 
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6.2.3 Shake flask experiment 

The shake flasks experiment was carried out in 100-ml Erlenmeyer flasks containing 5 g of iron 

ore mineral and 50 ml of GS. The experiment was performed in triplicate and lasted for 3 weeks. 

Harvesting was done at weekly intervals. There were two control treatments. The first control had 

the iron ore and water but no bacteria, while the second had the GS but no iron ore. 

6.2.4 Cultivation and identification of bacterial isolates from grape solution 

Nutrient agar (NA) (Biolab) and acetic acid-ethanol (AE) medium for isolation of acetic acid 

bacteria were used for this process. Nutrient agar was used because it is a general medium for 

isolation of different bacteria while AE was chosen in order to isolate the potential organic 

acidic-producing bacteria. Fifty µl-quantities of the GS were spread on both agar media for the 

isolation. The AE medium was in a double layer with the first layer (bottom) having 1.5% 

glucose, 0.2% yeast extract, 0.3% peptone, 4% acetic acid, 25 ethanol and 0.5% agar. The content 

of the second layer (top) was similar to the first, except it had 1% agar to replace 0.5% agar. 

Acetic acid and ethanol were added after autoclaving (Entani et al., 1985; Sokollek, et al., 1998). 

This method has been identified as ideal for obtaining acetic acid-producing bacteria. Isolates 

obtained were later identified with molecular and phylogenetical methods. 

6.2.5 Harvesting, pH measurement and High Performance Liquid 

Chromatography (HPLC) 

During harvesting, iron ore samples were separated from the spent GS by decantation. The spent 

GS was homogenised by vortexing and centrifuged for 180 s at 16060 rpm and the supernatant 

frozen at –40
o
C prior to analysis by High Performance Liquid Chromatography (HPLC). This 

was later passed through the filter paper (0.22 µm) to remove any remaining particles from the 

medium of growth. Prior to the storage, part of the supernatant were used for pH measurement. 

Organic acids were separated with a Agilent Zorbax SB-Aq (4.6 x 150nm) 5-µm column, eluted 

isocratically at 1 mL min
-1

 with 20 mM NaH2PO4 at pH2 buffer with the column at 25 °C and 
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detected on a diode array detector at 210 nm (Agilent 1100 series).  Peak identity and organic 

acid quantity were determined by comparison with standards.  The organic acid standard included 

gluconic, lactic, acetic, citric and maleic acid that were well separated under the described 

chromatographic conditions. 

6.2.6 Phylogenetic and molecular identification 

Extraction of genomic DNA was done using the Zymo Research bacterial/fungal DNA Kit™ 

(Cat.# 6001) according to the manufacturers’ instructions. The polymerase chain reaction (PCR) 

involved the amplification of 16S rDNA bacterial genes using a universal pair of bacterial 

forward and reverse primers; GM5F (5´-CCTACGGGAGGCAGCAG-3´;Tm-58.2ºC) and R907 

(5´CGCCCGCCGCGCCCCGCGCCCGTCCCGCCGCCCCCGCCCGCCGTCAATTCCTTTGA

GTTT-3´; Tm-1.8ºC) (Muyzer, et al., 1995), respectively. The amplification was done in a 50-µl 

reaction that contained 0.4µM of each of the primers, 1.25 U of Taq polymerase, 5 ul of promega 

10X buffer (0.2 mM) promega dNTPs, 1.75 mM of Magnessium chloride and 2 µl template 

DNA.  The machine used for the PCR was a MJ Mini Personal Thermal Cycler (Bio-Rad) with 

the following conditions: initial denaturing at 94 °C for 2 min, followed by 4 cycles of 30 s at 94 

°C (denaturing), 45 s at 68 °C (annealing), 2 min at 72 °C (elongation). These steps were 

repeated (excluding initial denaturing) with decreasing annealing temperature at 66, 64, 62, 60 

and 58 °C running at 4 cycles, except at the annealing temperature of 58 °C that ran at 12 cycles. 

Final elongation was at 72 °C for 8 min.  The different annealing temperatures listed in 

decreasing order were due to the high variation in the Tm of the two primers. PCR products were 

separated electrophoretically with ethidium bromide (0.1 µg/ml)-stained 1% agarose gel running 

at 120V for 50 min. Amplified DNA was visualised and photographed using a Uviprochem 

Transilluminator. 

Cleaning of the PCR products obtained was done using the PROMEGA Wizard SV Gel and PCR 

purification kit (Cat.# A9280) according to manufacturer’s instructions. Sequencing of the 

cleaned PCR product was carried out by Inqaba Biotechnical Industries (Pty) Ltd. Forward and 
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reverse sequences of the 16S rDNA regions obtained were aligned to obtain consensus sequence 

using BioEdit software prior to BLASTing. Sequences were thereafter compared on the NCBI 

website (Hall, 1999) to confirm the nearest identical organisms.  

Similar isolates with closest nucleotide sequences to those isolated from GS (three for each) were 

obtained from GenBank. Fasta format of all the 8 bacterial nucleotide sequences and the outgroup 

(Acetobacter sp.) were aligned using ClustalX software (Thompson et al., 1997). Final alignment 

was carried out with online version of MAFFT software (Katoh et al., 2002). The Phylogenetic 

analyses were carried out using Mega 4 software and the evolutionary distances were computed 

using the Maximum Composite Likelihood method (Tamura et al., 2007). Neighbour joining 

(NJ) method (Saitou and Nei, 1987) was used to infer the evolutionary history of the isolates and 

the bootstrap consensus tree inferred from 1000 replicates. All positions containing gaps and 

missing data were eliminated from the dataset. 

6.2.7 Leaching with isolates 

Identified isolates obtained from GS were tested for their abilities to mobilise nutrients from the 

iron ore materials. The method used was similar to the one mentioned above but instead of GS, 

AE medium was used to cultivate the isolates during the leaching process. 

6.2.8 Fourier transform infrared (FTIR) spectroscopy 

There were visible exopolymeric substances (EPS) produced by some of the bacterial isolates. 

These were analysed using the reflectance infrared (IR) method with a KBr matrix. The process 

was started with precipitation of the EPS with ethanol. The acquisition of the spectra was through 

the transmission mode. Pellets obtained from the ethanol treatments were mixed with KBr 

powder and dried for 24 h at room temperature. The dried samples were crushed and pressurised 

to form pellets that was used for the reading.  
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6.2.9 Microscopy  

Fixing of the iron ore samples was done by applying 15 ml of 2.5% glutaraldehyde in 0.0075 M 

phosphate buffer onto the ore using greiner tubes.  The samples were then washed three times for 

15 min each with 0.0375 M phosphate (Na3PO4) buffer. The washed samples were dehydrated at 

different alcohol concentrations (50, 70, 95, 100%), for 10 min each. The dehydrated samples 

were repeatedly soaked in 100% alcohol twice. The treated samples were dried and later sputter-

coated in a Polaron Equipment Limited SEM Coating Unit E5200 with gold prior to observation 

under the scanning electron microscope (SEM). Gold-coated samples were assembled for 

observation under the microscope at 5 KV on a JEOL 5800LV scanning electron microscope 

(Tokyo, Japan). 

6.2.10   Induction coupled plasma (ICP) analyses 

Samples of the iron ore materials collected from the shake flask experiments were repeatedly 

washed with 0.1 M HCl and left in deionised water for 24 h. The samples were put in the oven 

and dried at 104 °C before sending them for Induction Coupled Plasma (ICP-OES Optima 4300 

DV, Perkin Elmer, Waltham, MA, USA) analysis by UIS Analytical Services, Pretoria, South 

Africa. 

6.2.11   Statistical analyses 

Statistical analyses were carried out with SAS software, version 9.2. The data available for 

analysis are from 4 factors: Culture (2): GS, Control (i.e. water), Iron Ore (2): KGT, SK, Particle 

Size (2): A, B and Weeks (3): W1, W2, W3. This means, without the factor – culture/GS, there 

were three replicates for each of the 12 treatment combinations and two replicates with the water 

culture to give a total of 12*3 + 12*2 = 60 observations. Four-way Anova was thus adjusted to 

the data. 
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Analyses of organic acids and pH were carried out using two sets of factors that included 

Treatments- GCT (control- Grape solution without iron ore), KGT-A, KGT-B, SK-A, SK-B and 

Time/weeks (W1,W2 and W3). The factor “Trt” is a combined effect of iron ore and particles 

size with the control without Iron ore.  The degree of freedom associated to this factor is df=4.  

Contrasts were written to test the significance of Iron ore (df=1), particles size (df=1), the 

interaction of iron ore  vs particle size (df=1), and the difference between the control and all other 

levels (df=1). Two-way Anova was thus adjusted to the data with contrasts to identify the effects 

of iron ore, particle size, the interaction between those two factors, and the effect of control. 
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6.3 Results  

6.3.1 K and P reduction 

Iron ore type, particle size, time and the type of leaching solution (GS or water-control), as well 

as some of their interactions were all found to significantly affect the reduction of K and P 

contents of the iron ore minerals (Table 6.1). Reduction of K contents of the iron ore was highest 

at the second week (52.32% for SK and 38.14% for KGT) for both mineral types, followed by the 

first and third weeks, respectively (Fig. 6.1). Better K reduction was recorded from particle size B 

compared to size A (Fig. 6.1).  

Table 6.1: Four-way analysis of variance (ANOVA) with F and P values that show the effects of GS, iron 

ore, particle size, time and their interactions on %K and % P reduction from the iron ore materials. 

% K loss %P loss Sources of Variation df 

df= 36 df= 36 

    F P F P 

GS 1 5232.46 <.0001 394.16 <.0001 

Iron ore 1 1053.06 <.0001 28.1 <.0001 

GS vs iron ore 1 42.81 <.0001 8.88 0.0051 

Particle size 1 968.43 <.0001 186.98 <.0001 

GS vs Particle size 1 586.64 <.0001 236.42 <.0001 

Iron ore vs Particle size 1 23.06 <.0001 75.28 <.0001 

GS vs Iron ore vs Particle size 1 8.76 0.0054 41.09 <.0001 

Time 2 26.54 <.0001 45.25 <.0001 

GS vs Time 2 14.13 <.0001 44.2 <.0001 

Iron ore vs Time 2 0.21 0.8125 1.71 0.1947 

GS vs Iron ore vs Time 2 0.41 0.6698 0.22 0.802 

Particle size vs Time 2 0.32 0.7264 5.11 0.0112 

GS vs Particle size vs Time 2 10.85 0.0002 1.12 0.3365 

Iron ore vs Particle size vs Time 2 17.61 <.0001 16.29 <.0001 

GS vs iron ore vs Particle size vs 

Time 2 2.38 0.1065 3.29 0.0489 
P values <0.005 are considered significant. 
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Figure 6.1: Amount of K loss from the KGT and SK mineral types with GS treatments  for 3 weeks. Error 

bars are ±SE. CT represents iron ore with distilled water as leaching solution.(P<0.001). 

 

In addition, more K reduction was recorded in SK mineral type compared to KGT mineral type 

(Fig. 6.1). Similar result was obtained for P reduction, with better reduction in SK compared to 

KGT (Fig. 6.2). However, P reduction was better in bigger particle size A iron ore samples. 

Additionally, P reduction fell from the first week to third week; at odds to what was observed for 

K reduction (Fig. 6.1 and 6.2). 
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Figure 6.2: Amount of P loss from the KGT mineral type with GS treatments  for 3 weeks. Error bars are 

±SE. CT represents iron ore with distilled water as leaching solution (P<0.001). 

 

6.3.2 Organic acid in GS and pH medium 

Treatments, time and the interactions between these two sets of factors were shown to statistically 

affect the quantity of organic acid found in GS (Table 6.2). Highest quantity of organic acid 

produced was gluconic acid with values ranging from approximately 3000 to 8000 µg/ml (Table 

6.3).  This was followed by acetic acid with values above 2000 µg/ml, but not up to 3000 µg/ml. 

Lactic and citric acids were also detected but in lower quantities. In general, values of different 

organic acids detected in the control where no iron ore was added to GS was lower when 

compared to the situation where iron ore was present (Table 6.3). 
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Table 6.2: Two-way analysis of variance (ANOVA) with F and P values that that show the effects of iron ore type, 

particle size, time and their interactions on the release of five different organic acids. 

Gluconic acid Lactic acid Acetic acid Citirc acid Malic acid Sources of 

Variation 

df 

df= 29 df= 25 df= 26 df= 23   df= 25 

    F P F P F P F P F P 

Iron ore 1 348.33 <.0001 392.92 <.0001 25.33 <.0001 106.39 <.0001 406.58 <.0001 

Particle Size 1 49.24 <.0001 98.33 <.0001 49.27 <.0001 37.02 <.0001 2.87 0.1029 

Iron ore vs 

Particle size 1 128.28 <.0001 31.42 <.0001 39.93 <.0001 37.44 <.0001 14.23 0.0009 

Ctl 1 1522.78 <.0001 125.7 <.0001 462.19 <.0001 137.19 <.0001 105.06 <.0001 

Iron ore vs Time 2 2.44 0.1047 0.04 0.9656 1.75 0.1943 27.58 <.0001 410.03 <.0001 

Particle size vs 

Time 2 8.27 0.0014 1.43 0.2578 2.74 0.0832 6.72 0.005 12.39 0.0002 

Iron ore vs 

Particle size vs 

Time 2 18.48 <.0001 2.65 0.0905 9.45 0.0008 22.79 <.0001 10.74 0.0004 

Ctl vs Time 2 35.14 <.0001 14.29 <.0001 9.09 0.001 29.91 <.0001 128.36 <.0001 
Ctl represent the control without any iron ore. P values <0.05 are considered significant. 
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Table 6.3: Organic acids detected in GS for a period of 3 weeks; K and S represents KGT and SK iron ore 

types respectively, A and B represent particle size and W1, W2 and W3 represent week1, 2 and 3 

respectively. 

Organic acids 
Iron ore / 

particle 

size/Time Gluconic Lactic Acetic  Citric Malic  

3746.19 126.07 2043.93 85.12 184.71 
K A (W1) 

±61.51 ±4.36 ±29.57 ±6.76 ±4.94 

4768.53 168.24 2389.02 159.66 259.60 
K A (W2) 

±100.00 ±6.20 ±23.90 ±19.63 ±7.47 

6701.19 209.58 2474.56 186.16 827.90 
K A (W3) 

±146.63 ±7.70 ±34.12 ±6.89 ±26.99 

5707.25 167.13 2115.93 89.70 224.49 
K B (W1) 

±114.09 ±6.47 ±17.96 ±2.20 ±11.25 

6597.58 196.77 2314.19 196.75 325.55 
K B (W2) 

±149.20 ±2.20 ±13.22 ±1.65 ±10.34 

7238.63 247.80 2430.52 141.71 724.43 
K B (W3) 

±165.79 ±8.96 ±11.77 ±7.78 ±25.69 

3675.19 42.79 2139.93 72.10 229.28 
S A (W1) 

±113.47 ±3.86 ±15.78 ±0.30 ±4.46 

4342.22 51.99 2360.29 79.81 257.99 
S A (W2) 

±207.96 ±1.74 ±25.11 ±3.65 ±6.23 

5411.79 56.55 2457.62 105.01 285.31 
S A (W3) 

±127.42 ±5.84 ±26.10 ±2.95 ±3.43 

3488.70 58.28 1869.36 75.42 218.25 
S B (W1) 

±141.92 ±18.65 ±26.77 ±5.31 ±1.12 

3786.71 97.22 2120.73 118.99 254.20 
S B (W2) 

±129.83 ±7.17 ±8.40 ±4.16 ±14.78 

5385.91 151.31 2362.87 194.91 273.28 
S B (W3) 

±94.91 ±18.30 ±43.26 ±10.46 ±6.84 
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Table 6.4: pH of GS for a period of 3 weeks; K and S represents KGT and SK iron ore types respectively, 

A and B represent particle size and W1, W2 and W3 represent week1, 2 and 3 respectively. 

 

There were significant differences in pH of both minerals, with GS containing SK ore type 

having lower pH than GS with KGT ore type. For both ore types, GS containing particle size B 

ores had higher pH than those with particle size A (Table 6.3).  

6.3.3 FTIR 

Several absorbance bands were obtained from the FTIR spectra of EPS produced during the 

leaching process (Fig. 6.3). For bacterial culture system, most important absorbance bands are 

usually located in the regions of 1800 – 800 cm
-1

 (Kornmann et al., 2004). These bands 

correspond to various functional groups (Table 6.5) that may have direct and indirect effects on 

the leaching process.  

 

Iron ore / 

particle 

size/Time pH   

Iron ore / 

particle 

size/Time  pH 

3.06  2.89 
K A (W1) 

±0.01  
SA (W1) 

±0.01 

     
3.09  2.89 

K A (W2) 
±0.05  

SA (W2) 
±0.03 

     
3.06  2.89 

K A (W3) 
±0.01  

SA (W3) 
±0.01 

     
3.15  2.99 

K B (W1) 
±0.03  

SB (W1) 
±0.03 

     
3.23  2.96 

K B (W2) 
±0.01  

SB (W2) 
±0.01 

     
3.31  3.00 

K B (W3) 
±0.01  

SB (W3) 
±0.02 
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Figure 6.3: FT-IR spectrum of EPS from GS used for shake flask experiment in the presence of KGT (a) 

and SK (b) mineral types, after 14 d. 
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Table 6.5: Band assignments of FITR spectra of EPS obtained from treatments involving KGT and SK iron 

ore types 14
th

 day of the experiment (only bands between 1800 to 790cm
-1

 were listed). 

Functional groups (Reference) KGT SK 

Amide I (C=O) 1622  1632 

Amide II, N-H, C-N and structure of proteins (Jiang et al., 2004; 

Delvasto et al., 2009) 

1363 1361 

Carboxylate (Jiang et al., 2004; Delvasto et al., 2009)  1313 

Ester group / DNA phosphate group ( -COOH, and C-O-C) (Jiang et al., 

2004) 

 

 1233 

Phosphate (PO2- and P(OH)2; Polysaccharides and alcohols (C-OH and 

C-C) (Jiang et al., 2004; Delvasto et al., 2009) 

 

    1007- 796 1004-793 

6.3.4 Bacterial isolates 

Two different bacterial isolates named RD1 and RD2 were obtained from GS inoculated on AE 

medium. Molecular and phylogenetic analyses (Appendix III) showed that both isolates are close 

relatives of Gluconacetobacter intermedius and Gluconacetobacter sp., respectively (Fig. 6.4).  

No microbial growth was observed on NA medium.  
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(FJ999663) Gluconacetobacter sp. SC-01

(AB166741)  Gluconacetobacter saccharivora

(AB166740)  Gluconacetobacter saccharivora

 Bacterium RD2 (GU190689)

(AB166739) Gluconacetobacter intermedius

(EU096236) Gluconacetobacter intermedius

 Bacterium RD1 (GU190688)

(AB166737) Gluconacetobacter intermedius

AJ012466 - Outgroup Acetobacter sp.

9 5

3 2

5 9

0 .1  

Figure 6.4: Phylogenetic tree of the 16S rDNA of bacterial isolates obtained from GS (in bold) and their 

related species obtained from the Genebank as established by boostrap neighbor-joining method. 

6.3.5 Leaching potentials of bacterial isolates 

In order to test the individual effects of the bacterial isolates on the mobilisation of K and P from 

the iron ore minerals, they were allowed to grow in AE medium in the presence of both types of 

iron ore types. Unfortunately, the effects of the pH of the AE medium prevented the actual 

evaluation of the leaching processes involving the isolates. There was no significant difference 

between the highest leaching obtained from the isolates and the control with no isolate. 

Therefore, acetic acid contained in the medium of growth participated in the leaching process. 
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6.3.6 Microscopy 

The microscopy observations of biofilms from the leaching experiment revealed the attachment 

of bacterial cells to the surface of the iron ore particles, as well as the entrapment of iron ore 

particles by the EPS (Fig. 6.5a – d). This is an indication of the importance of biofilm formation 

during bioleaching by bacteria involved in this experiment. Observation of the biofilms using 

SEM showed that they contained bacterial cells interconnected by cords, EPS, ore particles and 

some other metabolites. For SK ore type, there is an indication of possible preferential attachment 

of the bacterial cells and their cords to specific sites on the mineral surfaces. Better attachment of 

the biofilm to smaller particle size B ores was also observed (Fig.6.5a and b). 
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Figure 6.5: A and B represent the SEM images of bacterial attachment and cord formation by bacterial contained in 

GS in the presence of SK mineral type, while C and D are for SK mineral type with C showing selective adsorption 

of bacterial cells to mineral surface and d showing biofilm formation. E represents the control showing the cord 

formation by the bacterial contained in GS in the absence of iron ore mineral. 
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6.4 Discussion 

The search for organic acid-producing bacteria that can leach iron ore minerals has yielded a 

positive result in this study. One of the most utilised groups of organic acid-producing bacteria 

are the acetic acid bacteria that includes three major genera, namely Acetobacter, 

Gluconoacetobacter, Gluconobacter and Acidomonas (Yuzo et al., 1997; Gupta et al., 2001). A 

usual habitat for some of these bacteria is Vitis sp. (grape fruits) that was utilised in this study 

(Gupta et al., 2001). The ability to multiply these bacteria by simple addition of distilled water to 

spoilt grape fruits provided a good foundation for this investigation. Additionally, the creation of 

a very low pH by the bacteria contained in GS allowed the promising execution of the experiment 

under septic conditions. 

The significant effect of iron ore type on mobilization of K and P suggests the importance of 

variation in the chemical compositions of the ores. Although the two iron ore types contain both 

K and P as impurities, the mineral constitutions of both ores are not the same, with higher values 

of K and P in KGT ore type. A similar observation was reported by Sheng et al. (2008) where 

Bacillus globisporus Q12 mobilised K and Si at different rates from three different silicate 

minerals, namely:  feldspar, muscovite and biotite. 

There were also significant effects of particle size - smaller particle size promoted mobilization 

of K, while the bigger particle size enhanced mobilization of P. The better mobilization of K 

from smaller particle-sized molecule is due to the exposure of larger particle surface to the 

activities of the bacteria contained in the GS or the biofilms. Similar situation was reported by 

Modak et al. (2001) where better leaching of calcium was obtained from finer particle size 

minerals. However, these investigators pointed out the particle size effect was only important 

when time is considered. As already observed in this study, it is difficult to generalise the issue of 

particle size. Phosphorus reduction was better in coarser particle size B ores, in contrast to K 

reduction. Although Delvasto et al. (2009) reported similar manner of P mobilization from iron 

ore where higher % of P was mobilised from coarser iron ore mineral, the underlying factor 
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responsible for this remains to be investigated. The plausible explanation given by Delvasto et al. 

(2009) was the re-precipitation of phosphate from solution. 

Organic acids produced by microbes during bioleaching processes are capable of releasing anions 

and protons into solution, and can therefore react with mineral surfaces (Gadd, 1999). Due to 

their high chelation constants of some Al and Fe compounds, sites containing these elements on 

mineral surfaces are easily attacked, a situation which leads to solubilisation and release of 

nutrients from such minerals (Yuan et al., 2004; Delvasto et al., 2009). In addition, the smaller 

size of protons from organic acids usually enhances easy displacement of similar but bigger sized 

monovalent ions (Lapeyrie et al., 1987; Yuan et al., 2004) such as K contained in the iron ore 

minerals used in this study. These processes can disrupt the structure of minerals such as those 

contained in iron ore minerals.  Therefore, considering the link of organic acid to the leaching 

process, the result suggests that the mobilisation of K could be direct through the proton attack. 

However, P mobilisation could be indirect and likely to happen after the disruption of the ore 

structure caused by anion and proton attacks.  

The biofilm formation possibly affects the leaching experiments in three major ways. One is 

direct ability of the microbes to scavenge nutrients from mineral surfaces (Delvasto et al., 2009). 

Possibility of this feeding mechanism was observed from the SEM images where there was 

strong attachment of the biofilms to the iron ore surfaces. In addition, the preferential attachment 

to specific sites on the mineral surfaces is an indication of selective scavenging, as well as 

preferential utilisation of nutrients from the iron ore surfaces. Furthermore, the attachment of the 

biofilms to mineral surfaces also provides avenue for close and direct deposition of metabolites 

such as organic acids onto the mineral surfaces by the microbes (Gadd, 1999; Delvasto et al., 

2009). Thirdly, the biofilm formation can also lead to enhanced adsorption of some bacterial 

functional groups associated with EPS to mineral surfaces (Natarajan and Deo, 2001). As shown 

through the FTIR analyses, functional groups such as carboxylic groups are important for the 

leaching process to occur especially in the presence of organic acids (Banfield et al., 1999).  
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The isolation and identification of bacteria contained in GS have provided good information on 

potential utilization and cultivation of these isolates for bioleaching purposes. Gluconobacter 

spp. are usually found on fruits with considerable levels of sugar such as grapes, dates, and 

apples (Gupta et al., 2002). They are obligate aerobic Gram-negative bacteria that can oxidise 

glucose to produce gluconic and 2-ketogluconic acids (Gupta et al., 2002). These acids are very 

important organic acids for mineral solubilisation (Natarajan and Deo, 2001; Jain and Sharma, 

2004). As suggested by Jain and Sharma (2004), the missing link between fermentation and 

biohydrometallurgy may be an answer to so many questions in this field of study. With the 

findings in this study, there is every possibility this study could be extrapolated using wastes 

from the wine industry to develop a potential biobeneficiation method for iron ore minerals. 

This is not the first attempt to utilise fermentation ideas in biohydrometallurgy. However, the 

main importance of the method developed in this study is the use of non-sterile conditions to 

achieve the aims. Usual setbacks associated with the development of a reliable biobeneficiation 

technology of iron ore minerals include the inability to develop a cheap source of carbon and 

energy for the growth of microbes involved during leaching. Secondly, there are problems 

associated with finding a method that utilises non-sterile conditions for the leaching process. This 

study was structured to address these two problems by using GS, which can be obtained from 

spoilt fruits. Furthermore, the high acidity environment created by the bacterial contained in the 

GS discouraged the growth of any other bacteria, a situation that suggest a good reason for 

further development of this technology. 
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CHAPTER SEVEN 

7. GENERAL DISCUSSION, CONCLUSION AND 

RECOMMENDATION 

The development of biological methods for the removal or reduction of K and P contents of iron 

ore minerals primarily depends on the direct and indirect approach to find suitable 

microorganisms that can leach these elements to the required levels. As previously indicated in 

past studies, commercialisation of biohydrometallurgical processes started through the simulation 

of natural roles of microorganisms in the laboratory (Rawlings, 2002). This study has therefore 

been structured around this idea. 

7.1 Implication of ectomycorrhizal weathering of iron ore minerals, the 

bioleaching connection 

This investigation was initiated through the study of potential relationship between a natural 

weathering process and bioleaching. The listing of ECM fungi as rock eating fungi makes this 

group of fungi a favourite choice for investigation of this idea. The result obtained from the 

investigation suggests that whether mycorrhizal or not, plants are able to participate in 

weathering process. Meanwhile in some cases, ECM fungi such as Pisolithus tinctorius, were 

better in terms of nutrient mobilisation from the iron ore minerals. The study further indicated 

that the rate of ECM weathering can be influenced by fungal type, organic acid production, 

mineral type and particle sizes of the mineral. It was therefore concluded that when present, ECM 

fungal colonised plants can contribute to the biomineralisation of iron ore. 
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7.2 Mobilisation of potassium and phosphorus from iron ore by 

Ectomycorrhizal fungi 

Behaviour of ECM fungi when in symbiosis has been established to be, in most cases, different 

from their pure cultures (Smith and Read, 2008). This fact led to further investigation of the 

capability of pure cultures of ECM fungi in mobilisation of nutrients from the iron ore minerals. 

All the ECM fungi tested were able to mobilise both K and P from the iron ore minerals. Similar 

to symbiosis experiment, ECM fungal leaching abilities were species-specific and significantly 

affected by mineral type, particle size and organic acid production. Phialocephala fortini, a 

fungus isolated from the root of a pine tree in South Africa, was able to mobilise more K than the 

commercial value required for international trade. However, the main setbacks from this method 

are the slow growth of ECM fungi, strong attachment of the fungi to the mineral surface and the 

use of sterile conditions to achieve the goals. Such limitations make it difficult to transfer this 

technology into an outdoor process such as heap leaching. 

7.3 Comparison between direct solubilising effects of iron ore 

associated fungus and its metabolite 

Having established that organic acid and particle size can influence mobilisation of nutrients from 

iron ore minerals, another approach was investigated by isolating indigenous fungi that are 

associated with iron ore mineral surfaces. This allowed identification of four different fungi, out 

of which one turned out to be a potential mineral (phosphate) “solubiliser”. The phosphate 

solubiliser was identified with molecular method as a Penicillium sp. Experiments conducted to 

compare the direct and metabolite effects of this fungus suggests a good potential in the use of 

indigenous microbes for the reduction of K and P  from iron ore minerals. Mineralogy, particle 

size and organic acid production all played important roles in the mobilisation of the elements. It 

is pertinent to mention that the metabolite usage could be more reliable than the direct use of the 

fungus because of surface attachment that is always experienced with fungi. 
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7.4 Culturable Microorganisms associated with Sishen iron ore and 

their potential roles in biobeneficiation 

Additonal experiment about the indigenous microbes (bacteria) provided more significant results. 

There is a high diversity of bacteria inhabiting the surface of the iron ore minerals with a total of 

23 different bacteria isolated. Of this group, only eight of them were successfully screened for 

their bioleaching potentials. One isolate (KU6), identified molecularly as Acinetobacter 

calcoaceticus, was a slime producing bacteria as well as phosphate solubilising bacteria. This 

isolate was able to remove high amounts of both K and P contents of the iron minerals, which 

means it is possible to use this type of organism for biobeneficiation of iron ore mineral. The only 

problem may be about how to use this isolate under non-sterile conditions. 

7.5 Fermentation in Biohydrometallurgy, a novel method for K and P 

removal from iron ore 

Biohydrometallurgical methods involving sterile techniques are very expensive and may not be 

suitable for a cheap mineral like iron ore. To address this problem, this study was rounded up by 

investigating a cheap method that could be used for the bioleaching of iron ore minerals. This 

method relied on the ability of bacteria contained in the leaching solution (from spoilt grape 

fruits) to produce organic acids. The bacteria were later identified as acetic acid bacteria; 

Gluconobacter spp. Due to the high production of organic acid by this group of bacteria, they can 

afford to grow under very low pH. Fortunately, the acidic environment kept away all other 

microbes, thereby indirectly keeping the system sterile. The most important advantages of this 

method seemed to be the effect of such low pH and organic acid production during the leaching 

process. These two factors were linked to the successful reduction of K and P from the iron ore 

minerals. 

In summary, this study has successfully investigated and highlighted potential roles of different 

microorganisms from different environments in biobeneficiation of iron ore minerals. The results 
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indicate that whether plants are colonised by ECM fungi or not, they can participate in deposition 

and weathering of minerals. With this fact in mind, and the fact that leaching is known to be one 

of the stages in weathering, ECM fungi can therefore be linked to bioleaching processes. As 

proposed, in the absence of host plants, ECM fungi were able to mobilise both K and P from the 

iron ore samples. However, the “bottleneck” of this idea was strong attachment of the fungal 

hyphae to the surface of the ore. Such attachment could be difficult to remove after bioleaching 

and may also lead to additional cost. In addition, the slow growth of this group of fungi was also 

a problem. Meanwhile, a benefit that can be derived from these experiments is the possibility of 

using these fungi and their host plants in bioremedication of iron ore mines, a situation that can 

also improve the nutrient cycling conditions of such ecosystems. More studies are therefore 

encouraged in this direction. 

Isolation, identification and the use of indigenous microorganisms for the mobilisation of K and 

P from iron ore minerals were intended to solve the problems mentioned above. There is 

definitely a need for fast growing microorganisms that can perform this task without creating 

another problem. The use of indigenous microorganisms was expected to provide an advantage of 

easy adaptation to the leaching environment. For the fungi isolated, a Penicillium sp. was able to 

show the attributes of a mineral-solubilsing fungus. After testing this isolate and its metabolite in 

a shake flask experiment, it was discovered that it has the potential for biobeneficiation of iron 

ore. The metabolite usage was necessary in order to eliminate the possibility of fungal attachment 

to the iron ore surface during the leaching process. Similar to the principle behind the fungal 

experiment, different bacterial isolates obtained from the iron ore surface were successfully 

investigated. Results indicated potentials of indigenous microorganisms in solubilisation of iron 

ore especially the Acinetobacter isolate that was able to reduce both K and P contents of the iron 

ore samples at the same time. Critical evaluation of the adopted methods with regards to 

indigenous microflora can generate two other hypotheses. The first is the underlying reason 

responsible for the iron ore bioleaching microbes inhabiting the ore surfaces. This is because they 

are adapted to this environment and it means, there is high possibility for these microbes to utilise 

the high levels of K and P in the iron ore for their survival. This idea was adopted in this study. 
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On the other hand, it is also possible that existence of quality iron ore minerals with low levels of 

K and P is primarily due to the activities of the indigeous microbes through biomineralisation. 

Under such scenerio, then potential bioleaching microbes will be abundant on the surfaces of 

quality iron ore minerals where they have probably helped reduced the levels of these elements. 

As earlier mentioned, the two hypotheses are possible but the former is more feasible. 

Mineralogy and chemistry of ores depend on so many factors which are mostly geological. 

However, full understanding of these processes can only be realised if studies could be conducted 

to compare microbial diversity of quality and low grade ores.  

The main problem with the investigation of bioleaching potentials of indigenous microbes is the 

use of sterile techniques. In the review by Jain and Sharma (2004), it was predicted that future 

development of a reliable biobeneficiation method will depend on the possibility of using non-

sterile techniques and finding a cheap source of carbon. These two points were addressed in the 

last experiment conducted in this study. Spoilt grape fruits, as source of cheap carbon, which are 

always available in the wine industries, were fermented and utilised under non-sterile conditions 

for biobeneficiation of iron ore samples. Finally, this suggests that the secret of developing a 

dependable biobeneficiation method may be by keeping it “simple and septic”. To ascertain the 

efficiency of this novel idea, it is however necessary to conduct a field trial with GS. 
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