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ABSTRACT : 

In batch cultures, complex microflora from granitic mountain mass, promoted 

solubilization of U in presence of amino-acids as sole source of carbon and energy. 

Solubilized U amounted up to 100 mg U/1 in presence of microorganisms but was less 

than 35 mg U/1 in absence of microorganisms (sterile controls). Microflora involved 

contained different strains of bacteria, Pseudomonas fluorescens, P. putida, Achro- 
  

mobacter, Bacterium, Gaffkya or Peptococcus. 

In experimental design of factorial type with semi-continuous flow devices, the 

activity of different microflora from known forest soil was compared. Microflora 

  

specifically withstanding partial sterilization and comprising different Pseudomonas 

Bacillus licheniformis, B. cereus, B. lentus, B. polymyxa, B. megaterium, plus one 

or two unidentified yeasts promoted significantly microbial solubilization of U by 
  

synthesis of complexing agents with high complexing capacity for Al and Fe, but 

lower complexing capacity for U. But anaerobic microflora induced by waterlogging 

was much less active as compared by solubilization with control microflora. From 

the comparison of the different strains involved, Pseudomonas appeared to be the 

most active. 

In presence of an "organo-urany1" solution, obtained by adding glutamic or as- 

partic acids to uranium ore in sterile conditions, different bacteria originating 

from samples of granitic mountains mass could grow : Achromobacter , Brevibacterium, 

Acinetobacter, Gaffkya or Peptococcus, Pseudomonas, showing that such microorga- 

nisms could contribute to U deposition by metabolising organo-uranium compounds. 

Leaching and ecological implications of such processes are discussed. 

INTRODUCTION 

U may be solubilized to some extent by autotrophic bacteria Ferrobacillus, 

Ferro oxidans and Thiobacillus thiooxidans /1/, /2/, /3/, /4/, /5/, /6/, /7-8/; 

/9/. Such solubilizations of U may be used as bacterial leaching in situ and U can 

be recovered at a competitive cost /1/. Different investigations concerning geoche- 

mical accumulations of U in fossil plant substances, established relationship bet- 

ween organic matter (humic acids) and U /10/, /11/. But the role of heterotrophic 

microorganisms in the processes of U solubilization and insolubilization is not 

well understood, except results presented by EBNER and SCHWARTZ /8/, and MAGNE et
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al. /12-13/ concerning U solubilization, and ZAJIC and CHIU /14/ concerning the 

uptake of U which is either adsorbed or absorbed by Penicillium. This paper des- 

cribes studies about the solubilization and insolubilization of U by heterotrophic 

bacteria. 

MATERIAL AND METHODS 

Experimental devices and experimental design 

Different experiments were conducted to check the effect of different factors 

  

(total sterilization, partial sterilization, nutrient media, aeration, nature of 

microflora) on the solubilization of uranium by heterotrophic microorganisms. The 

experiments were based on semi-continuous flow perfusion devices and batch cultu- 

res. Such experimental devices were similar to those described by BERTHELIN and 

DOMMERGUES /15/, BERTHELIN and KOGBLEVI /16/, BERTHELIN et al. /17/ except for so- 

me profile models which were less complex since they were made up of one horizon 

instead of two /18/. 

The rock fragments used in these experiments were particles of 300 to 1000 

microns or of 0 to 500 microns obtained by grinding and sieving granite of Ecarpiére 

(Maine et Loire, France). According to the samples, U content was 300-700 ppm U. 

The granite of Ecarpiére was described by RENARD /19/. In batch cultures, each 

flask received 5 g of 300-1000 microns samples or 2 g of 0-500 microns samples. 

In semi-continuous flow device, 50 g of rock fragments (300-1000 microns samples) 

were placed into glass columns 300 mm height and 25 mm in diameter. In factorial 

experiments, columns were obtained by placing a layer of 15 g of freshly collected 

A horizon sample (0-4 mm) of a brown forest soil (Hohrodberg, Vosges, France) /17/ 

upon a 50 g layer of rock fragments (300-1000 microns samples of granite of Ecar- 

piére). Nutrient media with ground rock (batch cultures) were inoculated by complex 

microflora or by one strain of bacteria of an A horizon from a brown forest soil on 

granite (Hohrodberg, Vosges, France) and from different horizons (- 50 to - 250 m) 

of a granitic mountain mass containing uranium deposits (Ecarpiére, Massif de Mor- 

tagne, Maine et Loire, France) . In semi-continuous flow devices, microflora were 

of the A horizon of the Hohrodberg brown forest soil. 

To study solubilization of U, nutrient media were : (1) Medium M3 : 0.5 g 

ammonium phosphate monobasic ; 0.2 g asparagine ; 0.2 g malt extract ; 20.0 g glu- 

cose, 1000 ml distilled water. (2) Medium TA : 0.180 or 0.350 g Tyrosine ; 0.435 

or 0.700 g Arginine ; salts solution (x) or distilled water 1000 ml. Salts solu- 

tion (*) was as follow : 0.5 g ammonium sulfate, 0.5 g sodium nitrate, 0.5 g dipo- 

tassium phosphate, 0.5 g magnesium sulfate, 0.2 g calcium chloride, 1000 ml dis- 

tilled water. 

Insolubilization of U was studied in the presence of "organo-uranyl" solutions 

obtained by adding glutamic and/or aspartic acids to uranium ores in sterile condi- 

tions. In some experiments, salts (cf. salts solution) were added to the "organo- 

uranyl" solution.



Leaching of Uranium by Heterotrophes 253 

Analytical methods 

Details on the analytical methods of organic compounds and mineral elements 

in solution in batch cultures or in effluent of columns except for U, were descri- 

bed by BERTHELIN et al. /17/, BERTHELIN and DOMMERGUES /18/. U was determined by 

the methods of BERTHOLET /20/ and JURAIN /21/ (fluorimetric analysis after fluoni- 

tric and perchloric attack). 

RESULTS 

Solubilization of uranium in semi-continuous flow devices 

Factorial experiments were conducted to check the effect of total steriliza- 

tion (absence or presence of Na merthiolate 1 part/1000), partial sterilization 

(absence or presence of thymol 1 part/1000), aeration (waterlogged or non water- 

logged soil columns). It was shown previously that total sterilization could be 

achieved by adding (1 g/1 final concentration) sodium merthiolate, and that par- 

tial sterilization could be achieved by adding pine resin or thymol to the nutrient 

medium percolating through the soil columns. 

Influence of partial sterilization 

Influence of two factors at two levels in a block of 12 units was studied 

(addition or absence of sodium merthiolate and addition or absence of thymol). 

When microorganisms were present (absence of sodium merthiolate) and their nutrient 

requirements fulfilled, U was actively solubilized. Solubilization of U was signi- 

ficantly stimulated by addition of thymol to the percolating nutrient medium (par- 

tial sterilization). So, during the second week of perfusion (Table 1) the amounts 

of U solubilized in the effluent of columns were much more important in non steri- 

Je columns with thymol than in non sterile columns without thymol. Statistical ana- 

lysis of the data showed significant interaction between treatments (P = 0.01) 

and significant principal effect free of interactions (P = 0.01) for total sterili- 

zation and partial sterilization. 

Table 1.- Influence of partial sterilization and total sterilization on the net 

microbial solubilization of U. Results expressed as 10-6 g U solubi- 

lized/column during the second week of perfusion. Columns were obtained by placing 

an A horizon (11 g dry weight) upon 50 g (dry weight) of rock fragments (300-1000 

microns) (x Significant interaction between treatments for P = 0.01) 

Total sterilization 
  

without Na With Na 
merthiolate merthiolate 
(non sterile) (sterile) 

Partial Without thymol 134 9 

Sterilization * 
With thymol 1039 9
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So, as for major elements (Si, Al, Fe, Mn, Mg, Ca), partial sterilization 

of soil by natural antimicrobial compounds such as thymol promoted microbial solu- 

bilization of U. Microflora withstanding partial sterilization comprised different 

Pseudomonas, Bacillus licheniformis, B. cereus, B. lentus, B. polymyxa, B. megate- 

rium, plus one or two unidentified yeasts and promoted the synthesis of complexing 

  

agents of low molecular weight (such as oxalic acid) and of large molecular weight 

(unidentified organic acid(s) with high complexing capacity for Al and Fe) /17/, 

/22/. 

In the effluent of non sterile columns with thymol, ca. 10 per cent of so- 

lubilized U was tied up in stable complexes (non exchangeable in presence of strong 

cationic resin Dowex 50 x 8 or Amberlite IR 120) and ca. 10 to 60 per cent of solu- 

bilized U was apparently linked to large molecular weight compounds (after separa- 

tion on Sephadex gel). 

In two fractions corresponding to different particle size (1) M.W. > 5000, 

(2) M.W. ca. 3000 obtained by gel filtration chromatography on Sephadex G25, less 

than 1 % solubilized U was in first fraction and more than 50 % solubilized was in 

second fraction. 

From the comparison of the different strains involved in partial steriliza- 

tion (such comparisons were conducted in batch cultures in presence of 2 g of 

0-500 microns sample of granite of Ecarpiére in 50 ml of M3 medium) Pseudomonas 

appeared to be the most active and solubilized 80.10-6 g U/culture flask. In such 

pure cultures, solution content was much lower (1.6 to 1.7 mg U/1) than in effluents 

of non sterile calumns with thymol (effluents contents were from 2.0 to 167.0 mg U/1). 

But 167.0 mg U/1 was unusual and was observed only during the first week of perfu- 

sion with a 300-1000 microns weathered sample of granite of Ecarpiére. 

Irrespective of the period of sampling, normal contents in the effluents of 

non sterile columns with thymol (partial sterilization) were from 2.0 to 18.0 mg U/ 

litre. 

It is interesting to note that during a 22 weeks semi-continuous flow perfu- 

sion of columns containing 50 g of 300-1000 microns unweathered sample of granite 

of Ecarpiére and inoculated with the microflora obtained by partial sterilization 

of the A horizon of Hohrodberg soil, 7.0 to 12.0 mg of U were solubilized. As U 

content of granite was 290 to 300 ppm after perfusion in non sterile columns with 

thymol and 440 to 520 ppm in sterile controls after perfusion, 35 to 43 per cent of 

U were solubilized by perfusion of about 2 200 ml of M3 medium and consumption of 

30 to 35 g of glucose by microorganisms in each column. 

Influence of aeration 

Influence of two factors at two levels in a block of 12 units was studied 

(addition or absence of sodium merthiolate and waterlogging or non waterlogging of 

soil columns). 

As seen previously, microorganisms in non waterlogged non sterile columns 

promoted ,solubilization of uranium. But microbial solubilization of U was
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significantly decreased in non sterile waterlogged columns. So during the second 

week of perfusion (table 2) the amounts of U solubilized in the effluents of co- 

lumns were lower in non sterile waterlogged column.than in non sterile non water- 

logged columns. Statistical analysis of the data showed significant interaction 

(P = 0.05) between treatments and significant principal effect free of interac- 

tion (P = 0.05) for total sterilization and waterlogging. So, as observed in the 

field /23/, and according to chemical characteristics of U, anaerobic conditions 

decreased the microbial solubilization of U despite the formation of large amounts 

of volatile and semi-volatile acids by anaerobic and facultatively anaerobic bac- 

teria /24/. 

Table 2.- Influence of total sterilization and of aeration (waterlogging) on the 
net microbial solubilization of U. Results expressed as 10-6 g U solu- 

bilized/column during the second week of perfusion. Columns were obtained by pla- 
cing an A horizon (11 g dry weight) upon 50 g (dry weight) of rock fragments 
(300-1000 microns). (** significant interaction between treatments for P = 0.05). 

Aeration 
  

Waterlogged Non waterlogged 

Without Na 
merthiolate 20.0 315.0 
(non sterile) 

Total xy 
Sterilization 

With Na 
merthiolate 6.5 10.0 
(sterile) 

Solubilization of Uranium in batch cultures 
  

In preliminary experiments, it was shown that in nutrient medium containing 

glucose (as sole source of carbon and energy, and in presence of an uranium ore 

(30 to 33 % U) heterotrophic microorganisms of a granitic mountain mass (Ecarpié- 

re) solubilized significantly U (P = 0.01). The amounts of U solubilized were 

6.0 to 12.0 mg U/1 in presence of microorganisms and only 1.0 to 3.0 mg U/1 in 

sterile controls or in incubations without glucose. 

In further experiments, amino-acids were used as sole source of carbon and 

energy because different analysis of rocks and waters of granitic mountain mass 

of Ecarpiére had shown presence of amino-acids /13/. After preliminary experi- 

ments, Tyrosine and arginine were selected as nutrients to study microbial solu- 

bilization of U and glutamic and aspartic acids as nutrients to study microbial 

insolubilization of U. 

Flasks culture containing 5 g of 300-1000 microns sample of granite of 

Ecarpiére and 100 ml of TA nutrient medium (Tyrosine 0.180 g, Arginine 0.435 g, 

distilled water 1000 m1) were incubated by complex microflora from waters and 

rocks of the granitic mountain mass of Ecarpiére. In such batch cultures,
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U mg/1 
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Non sterile 
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0 50 100   
Figure 1. - U content in batch cultures inoculated by complex microflora of 

granitic mountain mass (each flask contains 5 g of the fraction 
300-1000 microns of granite of Ecarpiére and 100 ml of TA nutrient 
medium). 
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microorganisms promoted solubilization of U (Figure 1). 

Table 3 showed that in different batch cultures inoculated by complex micro- 

flora,solubilized U amounted up to 110 mg U/1] during incubations of 110 days, in 

presenceof microorganisms, but was less than 35 mg U/1 in absence of microorganisms 

(sterile controls). At the end of these incubations, pH and total acidity of medium 

were lightly increased in presence of microorganisms, amino-acids were metabolized 

but any carboxylic acid was detected by thin layer and paper chromatography and 

no significant amounts of carbonate were found in non sterile media (table 3). 

Table 3.- Solubilization of U by heterotrophic microorganisms of a granitic moun- 
tain mass in 110 days incubation. Each culture flask received 5 g of a 

300-1000 microns sample of granite of Ecarpiére and 100 ml of TA (Tyrosine-Argi- 
nine) medium, and was inoculated by waters or rocks of granitic mountain mass of 
Ecarpiére. U solubilization expressed as mg U/1 and total acidity as m.e./1. 

(+ = large amount ; e« = traces). 

  

Saat. Non sterile 

Inoculation 0 Rocks I Rocks II Water I Water II 

U (mg/1) 34 11 107 111 97 

pH 8.2 8.6 8.6 8.6 8.6 

Total acidity (m.e./1) 1.0 LZ Le2 1.4 Tel 

Tyrosine + € € € € 

Arginine + € € € 

Carboxylic acids 0 0 0 0 0 

Carbonates € € € € € 

So microorganisms used amino-acids as sole source of carbon and energy as 

described by HALVORSON /25/ and produced small quantities of unidentified acids. 

Occurence of amino-acids desamination could explain light increase of pH. Some 

strains of microorganisms involved were isolated and identified as Pseudomonas 

fluorescens, Pseudomonas putida, Bacterium, Achromobacter and Gaffkya or Pepto- 
  

coccus. 

From the comparison of the different strains involved, Pseudomonas appeared 

to be the most active (Table 4). 

Insolubilization of Uranium 

U may be solubilized by organic compounds such as amino-acids. For instance, 

in presence of 5 g of fragments of Uranium ore containing about 30 per cent U, 

100 ml of arginine solution (0.435 g/1) and tyrosine (0.180 g/1) solubilized less 

than 4 mg U/1, but solution of aspartic (0.335 g/1) and glutamic acids (0.367 g/1) 

solubilized more than 150 mg U/1. U solubilized by aspartic and glutamic acids was 

not under the form of very stable organo-metallic complexes because 99 per cent 

of solubilized U was exchangeable on strong cationic resin. Such properties of
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Table 4.- Amounts of U solubilized by different strains of microorganisms growing 
on TA medium (Tyrosine-Arginine) in 7 weeks incubation. Results ex- 

pressed as mg U/1 in flasks culture containing 5 g of rock fragments and 100 ml 
of mediu~ 

Solubilized U (mg/1) 

Bacterium 0.12 

Gaffkya or Peptococcus 0.17 

Achromobacter I 0.44 

Achromobacter II 0.88 

Achromobacter III 0.21 

Pseudomonas fluorescens 3.49 

Pseudomonas putida 2.95 

Sterile control 0.13 

glutamic and aspartic acids were used obtain "“organo-urany1l" solution. 

Since heterotrophic microorganisms can use organic solubilizing agents of 

microbial or plant origin as a carbon and energy source, U if the right physico- 

chemical conditions are met, may consequently precipitate. Thus, in presence of 

an "organo-uranyl" solution, obtained by adding glutamic or aspartic acids to ura- 

nium ore in sterile conditions, different bacteria originating from samples of 

granitic mountain mass could grow : Achromobacter, Brevibacterium, Acinetobacter, 

Gaffkya or Peptococcus, Pseudomonas, showing that such microorganisms could con- 
  

tribute t U deposition by metabolizing organo-uranium compounds. 

From the comparison of microorganisms involved, (table 5), 4 strains appea- 

red to be the most active and contributed to the formation of unidentified yellow 

deposits. 

Table 5.- Insolubilization of U by different strains of microorganisms growing 
on "glutamic-urany1" solution. Amounts of U (mg) in solution in one 

flask culture after 6 months incubation. 

  

U (mg/culture flask) pH sec 

Sterile controls 7.1 4.3 0 

Gaffkya_ or Peptococcus 3.5% 5,3 + 

Brevibacterium 4.4 5.5 + 

Pseudomonas putida 4.2 5.5 + 

Pseudomonas fluorescens 5.1 5.5 +
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CONCLUSION 

In presence of different sources of carbon and energy (carbohydrates such as 

glucose or amino-acids such as tyrosine, arginine), heterotrophic microorganisms 

solubilize significantly U from granitic rock fragments (low grade uranium ore 

containing 300 to 700 ppm U). U is solubilized by metabolic compounds of microbial 

origin and extent of solubilization depend upon the nature of metabolic compounds. 

So, microbial formation of complexing agents such as oxalic acid and such as uni- 

dentified large acid molecular weight compounds (M.W. ca. 3000) promotes signifi- 

cantly (P = 0.01) microbial solubilization of U. Solubilized U amounted up to 20 mg 

U/1. But in anaerobic conditions, anaerobic and facultatively anaerobic bacteria 

forming volatile and semi-volatile acids (known as non complexing agents) solubi- 

lize smaller amounts of U and anaerobic conditions (waterlogged columns) are shown 

to decrease significantly (P = 0.05) microbial solubilization of U. 

In batch cultures, in presence of tyrosine and arginine, solubilized U amoun- 

ted up to 110 mg U/1 in presence of complex microflora, but was less than 35 mg U/ 

litre in sterile controls. 

Extent of U solubilization is much more important in presence of complex mi- 

croflora than in presence of pure strains of microorganisms involved in such pro- 

cesses. 

In presence of an “organo-uranyl" solution, obtained by adding glutamic acid 

to uranium ore in sterile conditions, different bacteria, Gaffkya or Peptococcus, 

Brevibacterium, Pseudomonas fluorescens, Pseudomonas putida, contribute to U inso- 
  

lubilization and formation of yellow deposits by metabolizing organo-uranium 

compounds. 

But since (1) amounts of U solubilized by heterotrophic microorganisms are 

low, (2) leaching devices are expensive, (3) large amounts of U are toxic for mi- 

croorganisms /8/, direct microbial heterotrophic leaching of U can not be proposed 

presently as a possibility for industrial leaching. However, microbial transforma- 

tions of agricultural wastes could be used in order to product strong U chelating 

agents that could act separately on low grade uranium ores and leaching U with a 

high yield and at moderate cost. 

On a geological point of view, such processes of solubilization-under the 

form of organo-uranium compounds and of insolubilization by biodegradation of such 

compounds are thought to be significantly involved in the superficial mobilization 

and concentration of U and in the reworking of deposits.
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