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Abstract: 

Microbiological leaching as applied to uranium ores involves the metabolic oxida- 

tion by Thiobacillus ferrooxidans of associated pyrite to sulfuric acid and ferric 

sulfate. The sulfuric acid and ferric sulfate generated are effective leachants for 

common uranium minerals. Dissolved uranium can be recovered from the aqueous leach 

solutions by solvent extraction or ion exchange techniques. The present study explored 

the effects of potential solvent extraction reagents for uranium on pyrite oxidation 

ability of Thiobacillus ferrooxidans. For the solvents studied it was found that in 

all cases the dissolved organic matter decreased the pyrite oxidation activity of the 

bacteria, the surface tensionof the leach solutions and the oxygen saturation concen- 

tration. The following order of inhibition was established for the solvents and 

modifiers studied: aliquat 336 > nonyl phenol > kerosene 140 > alamine 310 > adogen 

381 > di (2-ethylhexyl) phosphoric acid > adogen 365 > tri-n-butyl phosphate > 

¥sodecanol > alamine 308 > alamine 336 > alamine 304. Suggestions to integrate 

solvent extraction and bacterial leaching for uranium by treating the recirculating 

raffinate are described. 

INTRODUCTION 

The role of microorganisms in the solubilization of uranium from low-grade ores 

has been studied by many investigators [5-7,12-15.21.24.26 27,3845]. They have 

found that the chemolithotrophic bacterium, T. ferrooxidans [48] is the most 

effective in promoting uranium solubilization. This microorganismis a gram-negative, 

rod-shaped bacterium (0.5- 0.8 by 1.0- 2.0u), which derives energy from the oxida- 

tion of ferrous ion [3,34] and reduced-valence inorganic sulfur compounds [36,37,44]. 

It obtains all the carbon necessary for the biosynthesis of this cellular material 

from carbon dioxides [19] provided by air during aeration of the leach solutions. 

Tetravalent uranium present in the ore is insoluble in the aqueous sulfuric acid 

leach solutions. However, the uranium can be oxidized by ferric jon to its hexavalent 

*Formerly with the Quebec Department of Natural Resources.    
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After separation of the phases, the aqueous phase is recycled to leaching and uranium 

recovered from the organic phase by stripping. The recycled solution will contain 

different amounts of organic matter depending on the solubility of the solvents 

used [18,42] and the mechanical losses due to entrainment [10,31,32], both of which 

may affect bacterial activity. The subject of this paper is to investigate how the 

activity of T. ferrooxidans is affected by dissolved organics, which are potential 

extractants for uranium, during oxidation of a museum grade pyrite mineral. 

EXPERIMENTAL 

Bacteria. A pure strain of T. ferrooxidans used in this study was routinely maintained 

ona nutrient medium [35] in whicha pyrite concentrate served as the source of energy. 

Museum-grade pyrite concentrate assayed 45.6% iron, 49.2% sulfur and contained trace   

amounts of nickel, zinc, and lead. It was ball-milled to a particle size of 32u. 

Solvents. The organic solvents and modifiers studied are shown in Table 1. 

Cultivation. Cells were cultured in leach suspensions containing 3% (wt/vol) pyrite 

concentrate, 10 (vol/vol) inoculum of T. ferrooxidans and 20 liters of 9K basal salts   

  
nutrient medium [35] ina thermostatically controlled, stirred tank apparatus [39]. 

These experiments were carried out at pH 2.3 and 35°C and with air enrichment to 

0.2% C0, for aeration. 

optimal for the growth of T. ferrooxidans [43]. 

This carbon dioxide concentration has been reported to be 

When the early stationaly phase was 

reached, a portion of leach suspension was then transferred into a new medium to 

maintain the stock culture, and bacteriawere harvested from the remaining part. 

TABLE 1 

Commercially Available Organic Uranium Extractants 

  

Solvents Formula Supplier 
Alamine 304 N(C) 5Ho5) 3 General Mills Chem. Inc. 

Ae 308 N((CHo ) gCH(CH3)5)4 ! y : 

uM 310 N((CH, )CH(CH)5) 

Alamine 336 N(CoHy 7) 33 Ce/Ci4 mixture 

Adogen 364 

+ 1% secondary amine+ 0.2% 

primary amine 

N(CH )33 Co/Cig mixture Ashland Chemical Co. 

Adogen 38] N((CH, JgCH(CH,) 9) « a ! 

Isodecanol (CH, ).CH(CH, ) 70H Exxon Chemical Co. 

Tri-butylphosphate (TBP) (CH (CH, ) 4) 4P0, Canada Colors &Chem. Ltd. 

Di(2-etyhlhexy] )phosphoric 

acid (DEPA) (CH (CH, ) CH(CH, )CoH, ).P0,0H Union Carbide Corporation 

Aliquat ((CgH) 7) gNCH3)C1 General Mills Chem. Inc. 

Nonylphenol CoH, gC gH, OH Chemical Development of 

’ Kerosene 140 

Canada Ltd. 

Shell Canada Ltd.
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form which is soluble. 

uO, + Fe,(SO = U0,S0, + 2FeSO, (1) 
2 2c 4)3 2 4 

In this oxidation process, ferric ion is reduced to ferrous ion, which will be 

reoxidized by the microorganisms: 

T. ferrooxidans 
2Feso, + H,S0q peli 0, > 2Feo(S0,) 3 +2H50 (2:) 

4 3 

Ferric sulfate and sulfuric acid are produced by bacterial oxidationof iron sulfides, 

such as pyrite [33] which is generally present in uranium bearing ores. 

T. ferrooxidans s Fe, (S0 + H.SO 
2FeS, + H 4)3 + HpS0q (3) 2 99 Ade Ase 0, 

Microbiological leaching of uranium-bearing ores [23] is schematically represented 

in Figure 1 as a cyclic leaching process [17-28] including recovery of dissolved ura- 

nium by solvent extraction [4] and precipitation. In solvent extraction, the uranium 

is transferred during loading from the aqueous phase into the organic phase. 

“Solvent ] (4) (U0,S04]3q + [Solvent ] org 
> 

Gg nr (880 

FIGURE 1 

Schematic representation of a 

simplified bacterial uranium 
ete cyclic leaching process. 
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Harvesting. Bacterial cells were collected from the decanted leach solutions by 

centrifugation (model RC 2-B; high-speed, large-capacity rotor; 13,000 rpm, 

27,300 x g; I. Sorvall Inc., Newton, Conn.). The solutions were centrifugated at 

5,000 rpm, and the supernatant fluid containing the bacteria was removed carefully so 

as not to disturb the sediment. This fluidwas then centrifugated at 18,000 rpm. The 

packed cells were resuspended in the basal salts medium in a proportion producing a 

10% (wet wt/vol) suspension and stored for a week at 4°C without any measurable loss 

of their pyrite oxidation ability. 

Protein determination. Cellular protein was liberated by alkaline digestion 

(0.1 N NaOH) of the bacteria and estimated by using the Folin phenol reagent, 

crystalline bovine serum albumin as the standard and a spectrophotometer (model 70, 

Bausch and Lomb, Rochester, N.Y.) [22]. 

Manometric technique. The conventional manometric technique [47] was employed, with 

16 ml Warburg flasks and an apparatus, model 15-AD-8, from the Precision Scientific 

Co., Chicago, I11. Each reaction flask contained a total volume of 2.3ml of solution, 

consisting of 2 ml of basal salts nutrient medium [35] containing a saturation con- 

centration of organic solvent, and 0.3 ml of a 10% (wt/vol) bacterial suspension 

containing 4.76 mg of protein, to which was added 200 mg of the pyrite concentrate. 

The center well contained 0.2 ml of 20% KOH. These experiments were carried out at 

pH 2.3, 35°C and a speed of 130 strokes per min, over a period of 3h. After 15 min 

of equilibration, the reaction was started by tipping the cell suspension into the 

main compartment of the flasks from one of the side arms. In the case of sterile 

controls, the reaction flasks were charged with 200mg of pyrite concentrate and 2.3 ml 

of basal salts nutrient medium. 

Measurement of surface tension. Surface tension was measured by the capillary rise   

method [29] by applying the following equation: 

y¥ = 1/2 (h + 1/3) reg (5) 

where: = surface tension (dyne per centimeter) 

= height (centimeter) of the ascendent liquid 

¥ 

h 

r = radius (centimeter) of the capillary tube 

o = density (grams per cubic centimeter) of the liquid 

g = acceleration due to gravity (centimeter per second squared). 

Solvent solubility was measured in basal salts nutrient medium [35]. The aqueous 

solution was saturated at 35°C with organic solvents (as received). Insoluble organic 

reporting in the aqueous phase was removed by centrifugation followed by filtration. 

Total organic carbon content of the solvent-saturated solutions was measured on a 

total organic carbon analyzer (model 915, Beckman Instruments, Inc., Fullerton, 

Calit.): 

Measurement of oxygen concentration at saturation was done using a modified 

method [30] of Winkler at 35°C. 
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RESULTS AND DISCUSSION 

The effect of organic uranium extractants on the oxygen uptake by T. ferrooxidans 

during oxidation of a museum-grade pyrite concentrate is shown in Figure 2. In all 

cases the oxygen uptake decreased in the presence of dissolved organic substances. 

TBP and adogen 364 gave results almost identical to those obtained under sterile 

conditions, whereas alamine 304, 336, and 308, and isodecanol gave oxygen uptakes be- 

tween those of sterile and inoculated (without solvent) solutions. In the presence 

of D2EHPA, adogen 381, alamine 310, kerosene 140, nonylphenol and aliquat 336 the 

oxygen uptakes were less than those obtained under the sterile control conditions. 

Similarly the presence of dissolved organic matter reduced the surface tension, 

the specific rate of oxygen uptake and the oxygen concentration at saturation of the 

liquid media, as shown in Table 2. 

The inhibition in the pyrite oxidation activity of T. ferrooxidans is related to 

the finite solubility of the organics which resulted in a decrease in the surface 

tension of the nutrient medium. A similar effect has been reported for different 

solvents [18,42] and surface active agents [8,11,16,20,25,40,41] on ferrous iron and 

copper sulfide oxidation. The solvents used in this study are similar to, and can be 

considered to act in the same wayas, surfactants. Other investigators [2] determined 

that when the surface tension decreased below about 40 dyne/cm bacterial growth was 

increasingly inhibited and below about 28-30 dyne/cm no growth was achieved. Studies 

[46] of the effect of a series of simple organic substances (i.e. acetic, 

a-ketoglutaric, aspartic, butyric, formic, fumaric, glutamic, hexanoic, lactic, malic, 

FIGURE 2 
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TABLE 2 

Influence of Solvents for Uranium on the Specific Rate 
of Oxygen Uptake by Thiobacillus ferrooxidans 

  

Solvents Solvent Solubil- Surface Specific Rate 02-Saturation 
ility in 9K med. Tension of 02 Uptake Concentration 

(TOC mg/1) (dyne/cm) (u1 02/h/mg mg/1 
protein) 

none (inoculated) - 7\.10 50.70 6.5 

none (sterile) - 71,30 8.26 6.4 

Alamine 304 83 Seabl 21.03 3,3 

Alamine 308 1,240 29.44 13.10 traces 

Alamine 310 156 30.35 6.51 1.2 

Alamine 336 660 28.41 14.01 3.5 

Adogen 364 423 25.80 10,22 2.5 

Adogen 38] 1,580 27.56 7.07 traces 

Isodecanol 61 36153 12075 4.7 

TBP 218 40.68 10.57 0.4 

DEPA 264 39.82 8.75 3.6 

Aliquat 336 1,390 24.93 B70 traces 

Nonylphenol d\2 43.89 3.71 3 2 

Kerosene 140 25 21.55 5.60 4.0 
  

oxalacetic, oxalic, propionic, succinic, trichloracetic and valeric acides; acetone, 

B-alamine, cysteine and methionine) on ferrous ion and elemental sulfur oxidation by 

T. ferrooxidans indicated that bacterial activity is increasingly inhibited as the 

relative electronegativity of the organic molecule is increased. The above dataalso 

suggest that the inhibitory organic compounds may absorb at the solid-liquid interface 

and affect the iron and sulfide oxidizing enzyme systemof bacteria or they may affect 

the bacterial envelope, thus influencing certain nutritive or growth processes. 

Further, the dissolved organic matter may diminish the oxygen mass transfer coeffi- 

cient (kK, ,) [1] and as the present study indicated, the oxygen concentration at 

saturation. For example, in the case of alamine 308, adogen 381, and aliquat 336 the 

oxygen concentration at saturation was so lowas to be at the trace-level. This must 

unavoidably lead to limitation in bacterial activity. 

CONCLUSION 

The recovery of uranium by solvent extraction from the bacterial leach solutions 

must take into account the fact that the dissolved organic solvents adversely affect 

bacterial activity and as a consequence result in a decreased rate of lixiviation. 

These dissolved organics represent both an economic loss and may be an environmental 

hazard if these organic compound-containing solutions are released into natural waster- 

courses. To integrate solvent extraction with bacterial leaching, it is recommended 

that the aqueous stream be treated with activated charcoal [9,42] or other adsorbants 

to remove all organics (dissolved or entrained) before being returned to leaching.
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