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AIJstract-This study focuses on uranium sorption mechanisms by

Mucor miehei, a fungal biomass, used in agro-industries (enzyme synthesis). The pH plays an important part in thcsc phenomena, mainly by its infl uence on metal or cell wall chemistry. Hydroxylation of uranyl, dependent on the pH and total metal concentration, infl uences kinetics, via the nature of the limiting phases: diffusion of metal through layers bordering or constituting the biomass, or intramembranar precipitation of uranyl initially adsorbcd, and sorption mechanisms. With a moderate pH, sorption of uranylhydroxidcs modifies extracellular sorbcnt structures, consequently inducing a multilayer sorption opposed to monolayer adsorption obtained with acid pH. Uptake capacity is characterized by high values obtained even with low metal concentration in solution. Biosorbent could be a technical answer to pollution treatment and valorization of low charge waste streams 'lnd leaching solutions obtained in recovery of infra-marginal ores.

INTRODUCTION

Mining and refining industries produce aqueous waste streams containing low metal concentrations. However the metal extractions and treatments are not the only sources ofpolluted effluents. For example, in the case of uranium, large amounts of mill tailing formed as by-products of uranium mining and refining operations are accumulated in tailing ponds. Bio or chemical leaching, producing sulphuric acid, solubilizes uranium from waste ores, prior to its discharge into tailing ponds or its release into the environment.

The treatment of low charge effluents, conciliating economic and technical constraints is impossible with traditional physico-chemical processes. For example non-selective precipitation generates metallic sludges containing various metals difficult to valorize, ion exchange techniques require large volumes of resins for treatment of high delivery of low metallic concen tration flows and generate a high concentration of sait residue. Uranium concentration in waste streams is too low for a classical treatment and too high to allow its discharge into the environment. lt has been suggested that biomass could be used to decontami nate these wastes and to concentrate metals. The capability of some micro-organisms to accumulate metallic elements has been known for some time. In the past, studies concemed with metal sorption biomass were conducted from a toxicological point of view: understanding microbial tolerance and resist ance to heavy metals [START_REF] Wood | Microbial resist ance to heavy metals[END_REF]Jernelôv and Martin, 1975) by identification of uptake mechanisms. Nowadays interest is focused on metal recovery [START_REF] Tsezos | The mechanism of uranium biosorption by Rhizopus arrhizus[END_REF][START_REF] Strandberg | Accumu lation of uranium, cesium and radium by microbial cells, bcnch scale studies[END_REF][START_REF] Nakajima | Selective accumu lation of heavy metals by microorganisms[END_REF]. Various processes can influence metal sorption on the cell wall. Certain ones involve metabolic dependent mechanisms: synthesis of exo polysaccharides which adsorb or complex ions, pro duction of inorganic phosphate, via an enzymatic system, which precipitates metal, or active transport of ions using a proton pump mechanism. Others involve the non-specific or non-metabolic binding of the metal to the cell surface or extracellular matrice, via physico-chemical mechanisms as the complexa tion, the ion exchange, the adsorption or the precipi tation on cell wall sites. A large extent of bacterial cells are employed [START_REF] Nakajima | Selective accumu lation of heavy metals by microorganisms[END_REF]. Fungi from the M ucorale order were chosen for our studies.

The purpose of this research is to test Mucor miehei biomass for its ability to adsorb uranyl ion, to determine possible functional sites which contribute to the sorption and to select the various phases which take place in the sorption phenomenon. The perform ances of these fungi to remove metals (adsorption capacity, kinetics) will be studied.

MATERIAI.S AND METHODS

Material

Mucor miehei (Mucorale order, Phycomycete class, Zygomycete sub-class) is provided by Gist-Brocadcs, France, freeze-dried as a by-product removed from the fermentation process without pre-treatment: this waste material can be considered as a pure organic product. Thesc where q is the sorption capacity (mg U/g of biomass), C 0 the initial .. ,uranium concentration, C, the residual uranium concentration in solution (mg U/1), V the volume of solution (1) and m the sorbent mass (g).

RESULTS

Sorption kinetics

Table I represents +x
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able to be complexed, adsorbed and accumulated by the biomass. This could explain the diftetences no, ticed in kinetic behaviour between low and high initial concentration.

Sorption isotherms

Representative sorption isotherms for UO/ + at pH 3, 4 and 5, plotted in Figs 6, 7 and 8, illustrate the evolution of metal concentration in biomass versus residual metallic concentration in solution.

The maximum uptake is largely dependent on pH: at pH 3 maximum uptake capacity (q max ) is equal to 70--SO mg U/g of dry fungi, this capacity is two times greater when pH reaches 4, and three times at pH 5. In an acidic medium uranyl and H 3 Q + are competing for sorption sites, and high solubility reduces the biomass ability to adsorb and complex metal, free uranyl is adsorbed via classic pathways. This effect of the solubility on the interaction of solid-molecules was shown in the case of the synthetic resin adsorp tion (Le [START_REF] Cloirec | Resin concentration of by-products from chlorination of aquatic humic substances[END_REF]. With a higher pH, uranyl solubility decreases, ionic size induces adsorp tion of hydrolysed species and biomass removes a greater quantity of metal. A well mixed tank reactor will enable us to sup press kinetics limitation due to the first step. Figures l and2 show that sorption is very rapid: biosorption, represented by step (4), is not the limiting phase of the process, kinetics seem to be more seriously influenced by the transfer of metal from solution to active sites through the boundary film and moreover through the biosorbent surface : externat cell wall. In an acid medium, uranyl is free in solution, its ionic size allows its diffusion through various layers (physical, biologi cal ... ), competition between H 3 Q + and UO/ + for sorption site attribution imposes its own limiting rate to global kinetics. When pH is approx. 6, metal is hydrolysed in solution, diffusion of ions is limited by steric constraints, inducing an equilibrium reached after a longer contact time than with other exper imental conditions. Initial sorption rate decreases strongly, due to a solubility limitation effect. With intermediary pH, kinetic influence is conditioned by metal concentration, via ionic species repartition. Sorption rate seems to be increased by soluble species, but hydrolysed ions favour this rate as confi rmed by the evolution rate with pH and total metal concentration (see Table 2).

DISCUSSION

Sorption kinetics

Sorption isotherms

Maximum uptake capacity is infl uenced by pH, but aspects of these isotherms are also affected by the pH: at pH 3 and 4 we are able to assimilate the plots to represent Freundlich and Langmuir isotherms (see Table 3). The Freundlich mode! seems to be a better mode! for describing uranium sorption by Mucor miehei at pH 3, this conclusion is not so obvious at pH 4. In the fi rst instance, sorption is described as a monolayer sorption mode! with lateral interaction between sorbed metal, instead of the Langmuir We suggest that with a moderate pH (e.g. pH 5 or 6) and high initial concentration, the first step in the sorption mechanism consists of adsorption complex ation of hydroxylated species, consequently the total metal concentration in solution decreases, repartition between the free and hydroxylated form is replaced in favour of free metal, favouring adsorption of this form. The preliminary uranylhydroxide uptake gives the cell wall a new adsorbing structure which is able to remove metal in solution: this could explain the existence of two phases observed in the sorption isotherm at pH 5. Throughout this study the major effect of pH on sorption mechanisms was obvious. Conceming the two hypotheses formulated from its influence: wall chemistry and metal solution chemistry, it seems that the second proposai is prominent. Experiments devel oped on other metals [START_REF] Guibal | Contribution à l'étude de la biofixation de l'uranium par un champignon filamenteux: Mucor Miehei[END_REF], such as cobalt or copper, show a signifi cant correlation between the pH of the fi rst apparition of the sorption mechanisms and the pH of hydroxylation of these metals. Protonation of the cell wall inhibits strong metal sorption, if the pH is too acid (pH � 2), but its effect stays minor with an intermediate pH. On the contrary, with a moderate pH, the metal chemistry plays an important part in sorption performances: hydroxylation obser ved with pH 5 or 6, and high metal concentration in duce a change on sorbed metal nature, on kinetic limit ing phases and on the types of major mechanisms.

In conclusion the sorption mechanisms proposed can be described as:

Acidic pH (2). Proton competes with uranyl, hy droxylation phases of complexed metal [third step of sorption as characterized by [START_REF] Tsezos | The mechanism of uranium biosorption by Rhizopus arrhizus[END_REF]] with Rhizopus arrhizus inside the cell wall is reduced, fast phenomenon.

Intermediary pH (3-4). Free metal is sorbed, the kinetic limiting step is at the hydroxylation phase of the metal initially adsorbed, when the total metal concentration is relatively high (100 ppm). The metal can exist in solution in a hydroxylated form, whose diffusion through layers bordering the active sites is reduced. The other limiting step is the hydroxylation phases of the metal sorbed during the first few minutes of contact.

Moderate pH (5-6). Metal is mainly as uranyl hydroxide in solution, its sorption gives the biosor bent a new extemal sorbing structure which can remove free metal in solution. Kinetic limitations are due to diffusion constraints, related to the ionic size of the hydroxylated species. Equilibrium is achieved later but the initial rate is increased by the soluble, hydrolysed metal species.

CONCLUSION

This study deals with the interpretation of sorption mechanisms. The important role played by pH on the uptake performances and the understanding of the various steps involved in this process have been demoil'strated. Except for a small pH extent (acidic medium in which the pH specially influences cell wall chemistry), this parameter induces changes in uranyl chemistry such as solubility and the nature and percentages of various uranyl hydroxides (close to pH and to initial metal concentration).

The pH infl uencing the appearance of the hydrox ides, and ionic sizes of the metal in solution, deter mines the steps which impose the limiting rate of the global kinetics. In a moderate acid medium the sorption mechanisms follow an original pathway, called the surface precipitation sorption mode!, in cluding a phase of sorption of hydroxylation prod ucts on the cell wall, inducing a change in this sorbing surface capable of recovering other metallic species and free ions present in solution.

This kind of biomass, by-product of the enzyme industries, traditionally considered as waste, consti tutes a good sorbing material. The maximum uptake capacity depends on the pH, and the uranium con centration in solution, but this capacity can reach a value considerably higher than the values reached with a classical sorbent: activated carbon, resins ... for a low metal concentration. The major interest of this process consists of the valuable treatment of industrial flow with low metal content.

The application of this technique to an industrial effluent would provide an answer to its economic feasibility. The experiments carried out on this sub ject prove the ability of biosorption to treat industrial wastewater and to remove selectively low concen trations of uranium in mining effluents [START_REF] Guibal | Fixation de l'uranium par un champignon filamenteux: application au traitement d'effluents faiblement chargés[END_REF][START_REF] Guibal | Contribution à l'étude de la biofixation de l'uranium par un champignon filamenteux: Mucor Miehei[END_REF]. Meta! recovery from used and charged biomass enables us to valorize the step of depollution.

Application of these processes can cover a wide range of areas such as: detoxifi cation of metal-bear ing wastewaters, recovery of precious or strategic metals diluted in mining effluents, removal of metal from ore-processing solutions (treatment of leaching solutions) and concentration of rare metals from seawater or tailing ponds.

  study consists of two parts: the first deals with kinetic results, the second with isotherm charac terization and determination of various steps involved in sorption mechanisms. K.inetic experiments were carried out at two fields of metal concentration: 10 and 100 ppm in uranium, and at fi ve pH values: pH 2, 3, 4, 5 and 6. At least four sets of data were obtained for each experimental condition. No metal adsorption by the filter membrane is noticeable. Sorption experiments were performed at pH 3, 4 and 5. For each experiment (adsorption isotherms, kinetics study) series of ftasks were prepared with known volumes of serial dilutions of standardized uranyl sait solutions. The pH was adjusted with I N HNO 1 and I N NaOH, before and after the addition o[ weighed quantities of dried biomass; and biomass concen�ration was set at 500 mg/1. The exper iments were performed at room tempera turc ( � 20 °C). Equilibrium was reached after 6 h of contact. Biomass was removed by filtration through a 0.45 µm Millipore mem brane filter, and fi ltrates analysed for metal concentration by the arsenazo III method (Shumate et al. calculated by q = (C 0 -CJV/m;

Fig. 2 .

 2 Fig. l. Effect of pH and time on uranium removed, expressed as a percentage of uranium removed at equilibrium (initial metal concentration 10 ppm).

Fig. 4 .

 4 Fig. 3. Effect of pH on uranyl species repartition (10 ppm) .

For a drastic

  pH (e.g. pH 2 or 3) the cell wall is protonated, inducing a weak complexation affinity between the cell wall and uranyl ions, furthermore uranyl is highly soluble in an acid medium decreasing adsorption efficiency. When the pH increases, uranium solubility decreases promoting adsorption, electrostatic repulsion between metal and cell wall decreases favouring complexation, and the apparition of hydrolysed species is followed by an increase of ionic size which facilitates contact between functional sites and metal. When the initial uranium concen tration increases the same mechanisms are observed. But hydrolysed species appear at a lower pH

  Fig. 5. Various steps involved in sorption kinetics.

  Fig. 7. Uranium sorption isotherm at pH 4.

  Langmuir and Frcundlich modcls are not applicd for pH 5 sorption results: corrclation coefficients arc not significant. Langmuir isothenn: q = (q m b C oq )/(1 + b C oq ) Frcundlich isothenn: q = k C oq 11• wherc q is the sorption capacity (mg/g), C oq the metal concentration in solution (mg/1) at cquilibrium, q m (mg/g), b ()/mg) k and n arc constants and R 2 is the corrclation coefficient.

Table 2 . Initial sorption rate (mg U/g.s) Initial sorption rate is calculated according to the determination of dq(t)/dt with t > 0, with the approximation that: âq/b.t (0-1 min) pH2 pH3 pH4 pHS pH6
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Table 3 . Application of Langmuir and Frcundlich isothenns to the rcsults for uranium accumulation by Mucor miehei k Frcundlich model Langmuir modcl n b
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