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We investigated the transformations of uranyl nitrate, 
uranyl citrate, uranyl ethylenediaminetetraacetate (U- 
EDTA), and uranyl carbonate by a denitrifying halophilic 
bacterium, Halomomssp (WIPPIA), isolated from the Waste 
Isolation Pilot Plant (WIPP) repository The addition of 
uranyl nitrate, uranyl citrate, or uranyl EDTA to the brine 
or bacterial growth medium resulted in the precipitation of 
uranium Extended X-ray absorption fine structure (EXAFS) 
analysis of the precipitates formed in the brine and in 
the growth medium were identified as  uranyl hydroxide [UOZ- 
(0Hl2] and uranyl hydroxophosphato species (K(U02)5(POAj- 
(OH12 nH201, respectively Dissolution of the uranium 
precipitate was concomitant with the growth of the bacteria 
under anaerobic conditions The UV-vis spectra of the 
culture medium during growth showed that a uranyl 
dicarbonate complex [U021C03)212- was formed due to 
CO2 production from the metabolism of the carbon source 
succinate The bacterium completely metabolized the 
citrate released from the uranyl citrate complex but not 
the EDTA released from the U-EDTA complex Adding uranyl 
carbonate to the growth medium caused no changes in 
the uranium speciation due to bacterial growth Uranyl 
carbonate was not biosorbed by the growing culture nor 
by washed resting cells suspended in 20% NaCl brine (3 4 
M) because the complex was either neutral or anionic 
Our results demonstrate that bacterial activity can enhance 
the dissolution of uranium phosphate by forming uranyl 
carbonate species 

lntrodwtion 
rheacttnides (Th, U, Np, Pu, Am] in transuraiii~ ( I  RII) naste 
nre present in various forms, I e ,  ionic inorg'inic complex 
organic complex, coprectpttates, and minerals In addition 
rHU waste contains contaminated protective clothing rags 
paper, plastics, and nitrate Currently I RIJ w'iste is disposed 
of in deep geological salt formations at the Wa\te Isolation 
Pilot Plant (WIPP), Carlsbad, NM Although much is known 
of the physical. chemical, geochemical, hydrological and 
envtronmental factors that affect the long term stability of 
the  actlnides and the waste forms, little is known of the 
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microbial effects (1) In particular we have limited knowledge 
of the mechanisms of biotransformation of various chemical 
forms of actinides In TRU waste in a high ionic strength 
hypersaline envlronment such as the WIPP repository 

Under appropriate conditions microorganisms can affect 
the mobilization or immobilization of actinides in the waste 
repository by direct enzymatic or indirect nonen7ymatic 
actions (2) Microbes also can affect the transport of actinides 
by forming biocolloids (3-5) Fundamental information on 
the mechanisms of microbial transformations of 'ictinides 
under various enwronniental conditions 17 useful in prcdict- 
ing the fate and long-term transport of actinidec in wdste 
repositories as well as developing strategies for inan<igiiig 
waste At the WIPP site rlatuial populations of halophilic 
bacteria range from 10' to 10'cells mI - I  (6)  and the numbers 
nre likely to incre'ise due to biodegradation of the organic 
constituents of the 1R11 waste An incredsc in microbial 
actinryean affect thc solubility h~oavailal~ility and mobility 
of actinides in the repository 

In this paper we dcscribc the l,iotraiisforiIi,iti~)i~ of scvcr'il 
uranium compounds ( I  e tiranjl nitr'itc i ir , t i ivl  iitr<itC 
IJ-FD TA m d  rir'iiiyl carbonate) &icd to tht hxtcridl 
growth medium under denitrifying coiiditiotis by h~ilophilic 
bacterium isolated from the WlPP rtpositoiy 

Materials and Methods 
Bacterial Culture Ildormrinssp (WlPPlA) wds isol~itcd Iroin 
a sediment slurq sample from the WIIV site (6) Ihi  
bacteriuni grows rapidly aerobicnlly or mdci obic,illy using 
nitrate as <in electron dcccptor, rcduccs niti'itc to N.. but 
doe5 not rcducc iro i i  or uranitirri I he 0,ictcriiirn w'is giowii 
in a mcdiiim coiminiiig 5 0 g of  odium s t ~ e e i ~ i ~ i t ~  1 0 g 01 
KNOI 0 25 g of h I IP04 0 5 g of yeast citr,ict LOO g of W I W  
salt (halite), and 1000 nil of deioniicd w iter it p1 I b 5 I h e  
operdtion'il pl1 (uncorrected for ionic strength) w,is mc,isurcti 
with an  hgCl coiiihin.ition elcctrodc using 'I Llcckiii,iii I 1  
plt nicttr I his inctlruni simiildtcs the ( .istile hrinc torindion 
below the repository s hori7on (3) I h c  nicdiimi wgi4 prc 
reduced bv purging with filtcrcd ulti,ihigh purity ( 1 J I  11') N 
gas and tlicii w'is filter stcrili~cd thiough 0 45 pin Ndgciic 
sterilt filtcrs A tot'il of Y5 nil of the medium N,I \  (Iispcnscd 
into 100 ml ,icid washed sterile (dutochvcd) ghss  scriini 
bottles i n  an aii,icrobic tiitrogtii-filled glovcl~ox I he tx)ttlcs 
were fitted with stcrilcbutyl rubber qtoppcrs <iiid sc&d wrth 
,iluniinuiii crimp seals All niatiipul,ition\ were cIiiricd out 
indglo~choxin N-dtmosphcrc I hc mcdiuiiiwds inoLul,itr tl 
with 1 nil 01 '111 e a l y  log ph,,\c (24 h old) C U ~ I U I C  ol 
l f d o r m t i m  sp ,ind iricubatcd under sttitic conditions i n  thc 
dark'it i0 f 2 ( /\liquo+s were withtlr,iwii ix riodicdlly f ro i i i  
'I wrll inixcd m n p l e  and the tot,il nunilicr ol cell\ it' I \  

~ n u i r i ~ r . i I t d  In tlirect microscopy tising the D A P I  \ t  lining 
technique ( 7 )  m d  optical density nic.isurcti <it hOO n i n  using 
an I I I W 5 3 A  sc,inning IJV-vis s ~ ~ e c t i ~ ~ ~ ~ l i o t o n i c t c r  

U.myl Nitrate A stock solution of ur'ui)I iiitr,itc ( I55 
mM) \\'I\ prcpircd by disdvi i ig  UO.(NO I ) L  61 1-0 (Aiicilcir 

BDFi ( hernic,ils 1 ttl I'oolc f ngland) i n  cleio~i i~cd cv'itcr 
Uranium-Organic Complexes An cqi~imol~ir 1 I IJ-Lit 

rtc ,icid complex or 1 1 U-LDIA complex (50 inM) w'is 
prepared by slowly combining an nppropriate ~imount of 
anhydrous citric acid or NaLt DTA 2H-0 (Sigma Ft I ouis 
MO) \\ith a uranyl nitrnte stock solution while const'untl\ 
mixing i t  The pH of the solution was adjusted to 6 5 

Uranyl Carbonate A 1 10 uranyl caiboiiatc complex (50 
mM) was prepared by combining NaLCO I stock solution 
(prepared in boiled and Nr-purged deionized water) with d 
uranyl nitrate stock solution in a nitrogen flushed beaker 
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with constant stirring The pH was adjusted to 7 5 by adding 
6 M HCl Care was taken to minimize the exposure of the 
solution to air The presence of uranyl carbonate complex 
wasconfirmed by measuring the absorption spectra between 
350 and 550 nm and comparing it with the known spectra 
using a HP8453A scanning UV-VIS spectrophotomer (8 9) 
All uranium complexes were stored in the dark to prevcnt 
phorodecomposition (10) 

BiotransformationofUraniurn A total of 100 mLofO 45 
p i  (Nalgene) filter-sterilized and N_-purged bacterid1 growth 
medium was added lo sterile 160-ml glass scrim bottles 
iiisidc d N.-fillcd glovebox 9tock \olutrons of iir.u~yl n i t r  i t t  

~ t r ~ i t i y l  citratt, IJ-rDIA or uranyl carbon'itc were [)tirg( el 
with N.! for 15 nun, filter sterilii.ed by using 'I fl 45 i t n i  filtc I 

and &ded to the growth mcdiuiii so h t  the fiii'il con(( 11 

(ration ot uranium was 1 05 x 10 ' M excrpt for iirdnyl cilrdc 
which wds 0 52 x 10 ' M The nitratc coiicLntr~~tton in the 
growth mcdiuiii wris adjusted to give thc \.iiiic1 fin,rl C O I I  

cciitration i n  ,111 trednient\ T'riplicdte saiiiplc5 of c x l i  
medium wert iiiociiLwd with 2 5 mt of 2+h-olO culttiti ol 
Ifrrloiiiorim \p and incubC\tcd at 30 f 2 "( under st,ific 
cciiiditions Ilniiioculatcd aniples i n  d i t p l i i ~ i ~ ~  wwe incluci< ti 
for each trcatnicnt as abiotic controls 

At periodic ~t~tcrv.zIs bcforc sampling Ihc bottle5 w'c i t  

ihoroughly shakcn diid 9 ml of thc nicdtiim wCi\ rcriicntd 
with <i sterile 5yringt A i o l d  of 1 mLwas prcscrvcd with 0 0 5  
nil oftormaliii (5% VI\ 1 forcell counts drid 3 nil for iiica5urinJ: 
(111 and turbidity Ihc rcmaining\nmple (5 nil ) iv ' i~ filtcrcel 
through .I 0 22-ltm dispo\ahle \Vbdtnian I'ur~itsc 5yriiigc 
filter u n i t  thc W - v i s  5pcctrd \\a\ rccordrci . inrl the smiplc 
was then acidified with 0 1 ml of conceiitrarcd I IC I for ~ i ( r  I C  

acid, succinic acid dnd uranium analvces I he uraniuni 
association with bdcterial cells at the s t a t ionq  growth p1iri\t 
of the culture was determined after recotering thc cell\ h \  
centnfugation washing them ntice with 20% NaCl solution 
and digesting with concentrated HNO\ 

Biosorption of Uranyl Carbonate by Resting Cells I o 
determiiic whether the uranvl carbonate formtd during r11c 
growth was brosorbtd by the bacterial cells the culture w I i \  

grown i n  growth inedium containing succinate without 
uraniuni tinder anaerobic conditions as dcscrrbcd before 
rhe celk were harvested after 72 h by centritugation at 5000g 
for 15 min I ht  cell pellet was washed twice with 20% N,I( 1 
solution d t  pF-15 which earlier had been purged with Nr ind 
filter-sterilued by passing through a 0 45 uiii filter I hc cell\ 
were resuspended in 20% NaCl solution to an optical density 
of0 8 (-10" cclls mI I )  and the pH was adlusted to 9 0 ivitli 
NaOH I hc cell susptnsion (35 niL) was placcd in a Mrt t lc r  
DI 53 automated titrator The titration \ c \~e I  was continu 
ously purged with NL to exclude air and the cells utrc 
equilibrated at pH 9 using a Mettler DC 11 1 electrode for YO 
min Uranyl carbonate complex was added to give a fitid 
uranium concentration of 0 125 mM The sample w'is 
adjusted to pH 9 and incubated for 1 h To determine uiantutii 
uptake by the cells an aliquot of the sample was removed 
and Filtered through a 0 22 pm Millex filter (Millipore, MA) 
and the filtrate was acidified with 5% vlv HNOJ and analyred 
for uranium 

Effect of Bacterial Growth Medium Components on 
UraniumSolub&ty Addition of uranyl nitrate, uranyl citrate, 
or U-EDTAcomplex to the bacterial growth medium resulted 
in the precipitation of uraniurn To determine which of the 
components of the growth medium was involved in pre 
cipitating U, we added uranyl nitrate, uranyl citrate or 
U-EDTA to 20% NaCl solution containing the following 
components (1) no addition (11) sodium succinate (5 g/L), 
(111) K2HP04 (0 25 glL1, (IV) yeast extract (0 5 glL), and (v) 
complete growth medium containing all of the above rhe 
pH ofthe medium L as adjusted to 6 5 After 6 h, the medium 
was centrifuged at 7000g to separate the precipitate The 
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TABLE 1 Chemical Characterzation of Uranium Precipitate in 
Growth Medium 

element' pmoP 

2 70 A and 4 phosphorus atoms at 3 5 9 A  from the iiranitiiii 
The Debye-Walter values (oL) derived from room tcmper 
ature data are typical for the coordination numbers and stdtic 
disorder of the atoms (16) The EXAFS spectra allwere similar 

uranium 
phosphorus 
potassium 

2 2 5 ~ t 0 3  
136fOO 
4 2 f 1 0  

40 mg of sample dissolved in 0 07 M sodium bicarbonate *l 
SEM 

Characterization of the Uranium Precipitate Chermcnl 
-lm-dysis Table 1 lists the chemical constituents of the 
precipitate obtained from addition of uranium to the growth 
medium The 40-mg sdmple contained 22 5 pmol of IJ 13 6 
uiiiol of P and 4 2pnol  ofpotassium no succinic acid citric 
x i d  or FDrA were detected 

XHD malysis of the precipitate showed that NaCl was thc  
predominant crystalline phase and uranium was present iii 
'iii dniorphous form 

I igiirc 1A shows the LXAf S analvsis of the precipitdk 
resulting from adding uranyl nitrate to brine solutlon A three 
h l I  lit of the I{-weighted spectrum for the uranyl hydroxidc 
\t,iiid'iid dupliC,ttes thc oscilldioiis fairly wcI1 cxcelit for thc 
lc,itiiic at 1 0  5 A I IJr'invl hydroxide hcis lour hydroxidc 
groups siiriounding the centr'il uraiiiiiiil two of which x t  
'15 o l ~ i t i o i i  bridges to another urmiuin at 3 9-4 2 A I tic 
piecipitate resulting from the addition of uranyl nitrate 10 
brine shows similar spectra, but the feature at 10 5 A is nioic 
proiioiiiiccd Addition of 'I IJ shell at 4 L A duplicates thc 
Ic'iturc but does not improve the overall fit of the data set 
m d  was not included i n  the f i ts 

I oiiricr transformed spectr,i tor the lmnc precipit<itc I\ 
shown i n  t igure 1 13 1 he pe,iks re1)rcscnt coordiiiatioii shell5 
'it r.idial distances from the central uraiiiuin ,itoiii Av,iri,itioii 
in the amplitude of the shells 15 due to ditlerciiccs i n  

coordination number or atomic distaiiccs i n  the uraiiiiiiii 
inner sphtre (1.5) I here are some differences i n  the citoniic 
ciiviroiini~nt surrounding the prcctpit.itc <IS compared to 
urmyl hydroxide Idbie 2 qhows the presence 01 1 8 axid 
oxygciis at 1 80 A from the uranium i n  the hydroxidt whilc 
tlw prccipit'ite shows L 3 oxygciis I here is a split i n  thc 
cqucitorid shell of the hydroxide i n  both smiplcs with 2 i 
oxygcns .it L 25 A and 1 3 oxygen\ at 2 49 A lor uranvl 
hvdroxitlc dnd with 7 2 oxygens at 2 24 A ,ind 1 5 ox3gen\ 'it 
L 50 A for the precipitate I he additioii.4 oxygeii louiid in  

the first equatorial shell of the preeii itate indicates 'I change 
in bonding in the equatorial oxygens closest to the uranium 
,ind is probably due to the high ionic strength of the briiic 
t l i d  nidy influence hydroxide formation No chloride 
dctectcd in the precipitate 

Analysis of the t X A I  S spectrdl data For the prccipir I I C  

resulting from the addition of urmyl citrate complex to t h c  
growth medium wasobtained by comparison with thi iirriii\ I 
hydrogen phosphate standard I he atomic p'irmictm loi 
the staiidard and this precipitate were oht'iiiied bv titling 
/,' weighted WFSspectra,  the resultsare presented in I igutc 
LA and lable 3 A three-shell At showed good agrcenicnt 
with both the standard and the sample 1 he tcatiirt at 9 0 
A I is typical for a U-P interaction 

I igure 2B depicts the Fourier transtornicd spectra lor 
uranyl hydrogen phosphate and the uranium precipitate ovc I 

the k range 3 6-12 5 A-i The peak at 2 4 A in the fittcd 
spectra may reflect multiple scattering processes or a side 
lobe resulting from truncation effects Shells further from 
uranium also are indicated, but interpretation is difficult duc 
to multiple scattenng effects as well as structural disorder in 
the samples Uranyl hydrogen phos hate i s  composed ot n 

equatonal oxygens at 2 3 0 k  which in turn occupy the corners 
uranyl moeity (2 mal 0's at 175 s ) surrounded by four 
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FIGURE 1 Raw U P weighted EXAFS data (A) and corresponding 1 Fourier transforms (B) (k = 3 6-16 1 A ')for uranyl hydroxide and 
~ the precipitate resulting from adding uranyl nitrate to brine 
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TABLE 2 Coordination Number (N), Interatomic Distance (R). 
Disorder Parameter (d), and Goodness of Fit Parameter (0 
for Precipitate Resulting from Adding Uranyl Nitrate to Brine 

sample atom N R(A) d F 

UOz(0H)z U-O,, 1 8  180 00010 0 0 6  
U O,,, 2 3  2 2 5  00032 001 
U-Oeqz 1 3  2 49 00030 0 0 1  

U-Oeqi 3 2  2 2 4  00091 0 0 2  
U-Oeq 1 5  250 00020  0 0 1  

uranium in brine U-O,, 2 3  180 00032 0 0 2  
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FIGURE 2 Raw U Lni Y-weighted EXAFS tats (A) and corresponding 
Fourier transforms (6) (k = 36-125 A l) for uranyl hydrogen 
phosphate and the precipitate resulting from addition of uranyl 
citrate to brine Experimental data (-), theoretical fit ( - ) 

TABU 3 Coordlnabon Number (M, Interatomic Distance (R) 
Disorder Parameter (d), and Goodness of Fit Parameter (F) 
for Precipitate Resulting from Adding Uranyl Citrate to Growth 
Medium 

sample atom N R(A) n2 F 
UOzHPOi 2H20 U-O,, 2 0  175 00034 0 12 

U-Oeq 4 0  230 00058 0 0 1  
UP  4 0  354 00169 0 0 1  

uranium precipitate U-0,, 2 0 1 80 0 0041 0 02 
U-Oeq 4 0  230 00037 0 0 1  
U P  4 0  359 00124 0 0 1  

for precipitates formed from the addition of uraiiitirii n\ 
uranyl nitrate uranyl citrate, and  U-EDTA to the gron th 
medium 

Growth of Bacteria Figure 3 shows plots of the gron th 
of the bacteria under anaerobic conditions in a 20% NaCl 
growth medium contaming succinate as the sole carbon 
source and nitrate as the electron acceptor Maxlnium gro\vth 
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FIGURE 3 Growth of Halomonas sp in brine medium (A) Growth 
of bacteria and changes in pH of the medium (B) metabolism of 
the carbon source succinic acid and (C) production of N20 by the 
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FIGURE 4 Growth of Halononas sp and biotransformation of 
uranium added as uranyl nitrate (A) Growth of bacteria and changes 
in pH of the medium, (6) dissolutton of uranium (1 05 mM uranyl 
nitrate was added to the growth medium and resulted in the 
precipitation of U), and (C) UV-vis spectra of the culture medium 
showing the formation of uranyl carbonate as a function of growth 

6 3 to 7 7 Theaddition of uranyl citrate to the growth mediuni 
caused the dissociation of the complex with the precipitatioii 
of uranium (Figure 5B) The citric acid released from the 
complex was completely nietabolimd by the bdcteria at the 
rate of 1 2  mmol h-l The concentration of succinic acid 
decreased from 18 9 to 16 6 niM The tJV-vis spectra of the 
filtered culture solution during bacterial growth showed the 
appearance of uranyl dicarbonate species concurrent with 
uranium dissolution (Figure 5C) 

U-EDTA Figure 6 shows the growth of the bacterium in 
medium containing 105 mM U-EDrA Cell numbers 
increased slowly from 2 1 x IO" to 1 6 x IOx cells ml I ,  and 
the pH increased to 7 8 from 6 7 (hgure 6A) Succinic acid 
concentration decreased from 17 1 to 15 6 mM Addition of 
the U-EDTA complex to the growth medium completely 
precipitated uranium, with a 15% decrease in EDTA con 
centration in solution (Figure 6B) About 97% of the added 
uranium was solubilized wth  increased bacterial activlty 
The UV-vls spectra showed the appearance of uranium in 
solution as uranyl dicarbonate species (Figure 6C) The EDTA 
was not metabolized by the bacteria and remained at the 
concentration initially added to the medium 

Uranyl Carbonate Figure 7 shows the growth of the 
bacteria in the presence of 1 0 5  mM uranyl carbonate 
complex The number of cells increased from 2 0 x 106 to 1 9 
x lo8, and the pH increased slightly from 7 5 to 7 9 (Figure 
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FIGURE 5 Growth of Halumunas sp and biotransformation of 
uranium added as 1 1 U-citric acid complex (A) Growth of bacteria 
and changes in pH of the medium (B) dissolution of uranium (0 52 
mM uranyl citrate was added to the medium and resulted in the 
precipitation of U) and (C) UV-vis spectra of the culture medium 
showing the formation of uranyl carbonate as a function of growth 

7.4) I h c  ddition ok u r m y l  carbon,itc to t h t  growth medium 
initi,illy c a ~ s t d  d 15% dccrt,ise in tirmiiim conttntration 
from I 05 to 0 89 k 0 01 niM ( I  igure 7U) However, uranium 
was resoliibili7cd as bacterial growth progressed md reached 
a final con~entr~ition of 1 1 & 0 0 rnM at 100 h 1 he UV-vls 
spectra of the filtertd culture mediuni showed that the 
uranium was prestnt as uranyl carbonate specit\ during the 
txpcriment ( I  igure 7C) Ilrdiiiuni in the iiiiinoculated control 
samplt stc'idily dtcreased from 0 (33 * 0 02 to 0 69 * 0 00 
mM IXAl 4 andysis ot the urdniiim i n  wlution and the 
prtcipitate toinied i n  the uninociilated control and iiiocu- 
1,itctl medium confirmed the presence of uranyl carbonate 
1 h r  sptctral characteristics <ire similar to those obstrved by 
othcrs (9  17)  

Carbon Dioxlde Production by the Culture Ihe total 
miount of C 0- produLed by thc cultuit 111 the pieseiice of 
succinate (32 Oprnol rnl I )  uranyl nitiatc (2') O~tinol nil. '1 
and uranyl citrate ( 5 0  7,uiiioi niL I )  was siiiiilai except in the 
ur'inyl carbonnte medium (60 Spniol mL I )  which showed 
a 2 fold increase due to the addition of carbonate 

Biosorption of Uranyl Carbonate by Resting Cells 
Rtsting cells at p€l 9 did not biosorb tht inorganic uranyl 
carbonate complex because the most probable forms in 
solution are neutral (UOLCO,) or negatively charged species 
U02(CO&- Also, in the growth experiments, solubilized 
uranium was not biosorbed 
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The formation of 1 1 and 1 2 uranyl citrate complexes in 
I 5 M brine at pcH 6 0 and 7 0 was observed and the stability 
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51J0," + 3P0,'- + 4H,O + K+ - 
IK(IJ0,)  ,(PO,) ,(OH), 2H,O1 + 2H+ (2) 

1 he dddition of uranyl nitrate to a solutioli 01 sodium 
phosphate resulted in the formation of (UO,) (PO& (22) 
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FIGURE 6 Growth of Halomonas sp and biotransformation of 
uranwm added as 1 1 U-EDTA complex (AI Growth of bacteria and 
changes in pH of the medium (6) dissolution of uranium (1 05 mM 
U-EDTA complex was added to the medium and resulted in the 
precipitation of U). and (C) UV-vis spectra of the culture medium 
showing the fonnahon of uranyl carbonate as a function of growth 

Discussion 
Although much is known of the behavior of uiaiiyl coni 
pounds in very acidic and low ionic strength solutions little 
15 known of the stability, the solubility and the chemical 
speciation of the various inorganic and organic coiiiplcxc\ 
of uranium in high ionic strength solutions at physiological 
pH (pH = 6-8) In aqueous solution at near-iicutral pll 
uranium (added as uranyl nitrate) precipitates as uranvl 
hydroxide Above pH 3 uranium is present as mono- and 
dihydroxy species at low concentration (<lo M) and as 
polymeric species at higher concentration ( 1  7) The com- 
plexation of the uranyl ion by EDTA was investigated i n  

solutions containing0 3-5 M NaCt in the pcH range of2-4 5,  
U02EDTA2- and U02HEDTA complexes were identified (18) 
At pcH above 4 0, uranium was significantly hydrolyzed There 
was a slight dependence upon ionic strength between 1 and 
5 M NaCl The 1 1 U-EDTA complex (log K 7  4) in aqueous 
solution above pH 6 5 dissociates due to forniation of hydroxy 
speries and uranium precipitates from solution (19) We 
confirmed the formation of uranyl hydroxide species when 
uranyl nitrate or U-EDTA was added to 20% brine above pH 
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FIGURE 7 Growth of Halomonas sp in the presence of uranyl 
carbonate complex (A) Growth of bacteria and changes in pH of 
the medium (E) uranium in the inoculated and uninoculated control 
medium and (C) UV-vis spectra of the culture medium showing 
the presence of uranyl carbonate as a function of growth 

constant4 (log k) wcrc c~ilculatcd io IIC 0 04 and I O  48 
r(\pccttvc Iv(20) I hcsc \ , h c  \<ire ordcr~oftii,igiiiiiidc gicdcr 
t t i m  thaw of urnnvl x ~ t a t c  ur,iiiyl lactate IJ-I  D l A  m d  
uranyl ascorb,itc complcxc\ I hew studic5 also indic<ttcd 
that the ( oncciitratioti of citrate nccdcd to Coiiilxtc with 
hvdrolysis rc'ictioiis <it pcll h 0 to ohtaiii 10% h y d i o h w  in 
Iiriiic w'i\ the lowc\t of '111 org'ttiic\ I C \ ( (  d thercbv cotitrib 
utiiig signific,tiitlp to thc disdut ioi i  of ur'iiiiutn ( i~iic acid 
has bccn 4iown to form a binucleai complcx with uranium 
that may prevent i ts  hvdrolysis (21) 

Adding uranyl nitiatc uranyl citiatc oi IJ-1 D I A  to thc 
bacterial growth medium at i l e x  neutral plI(6 5) coinpleteh 
precipitated uranium fiom solution I'recipitatioii of uranium 
aftcr the addition of uranyl citrate complex IO the growth 
medium coinponcnts was olxrved onl) in the presence of 
phosphate 1 hc solubility ot uranyl phosphate is 2 x 10 I '  

M I3lemcntal analysis and I3XAF5 confirm that uranium is 
predominantly associated with the phosphate ligand as 
K(UOJ ,(PO4) and most likely consists of uranyl orthophos 
phare ( U 0 2 ) c ( P 0 4 ) L  units duc to the interaction with phos 
phatd present in the growth medium 1 he formation of the 
precipitate is presented in eq 2 



I 
Thompson et a1 (16) demonstrated that the uranyl ion is 
surrounded by phosphate tetrahedra This also was observed 
for the uranyl hydroxophosphato complexes where I(UOL)J- 
(OH)2l2”- chains are linked by phosphate tetrahedra to give 
Infinite layers of [(UOZ)J(PO&(OH)IJ (23) EXAFS analysis of 
uranyl nitrate in acidic solutions containing 1- 14 M HCI has 
shown that increased chlonde ion leads to inner-sphere 
chloride complexation, decrease in hydration numbers, and 
expansion of the uranium-oxygen bond lengths (15) 
However in our experiments uranyl phosphate wab identified 
but the presence of an inner-sphere chlonde bound to uranyl 
ion was not ewdent 

The uranium precipitate was solubilized by adding 
bicarbonate to the precipitate, or altematively by the 
production of C02 from the bacterial metabolism of thc 
carbon source succinate, with the formation of uranyl 
dicarbonare (eq 3) 

[K(UO,)iIPO,)I(OH), 2H,O1 + IOHCO, + LK’ - 
5UOt(C0,),’- + 3KH,PO, f 2 f l +  + 211,O (3) 

I he cabonate ion is one ot the niost environnient~illy 
iniportnnt inorgaric coniplexrng agents ot urnniiiiii I he 
rp~cia(iuii ,itid the solubility of uranyl carbonate in aqueous 
solutions hdve been extensivelv studied (17 24) Uranyl 
L,irhonatt can be prerent as mono- di-, and tricarboiuto 
specics depending on the pt I as well a5 carbonate coticeti- 
trdtioti i n  solution I he mononieric and dimeric uranyl 
carbonate sptcies predoniindte rlbovc ptl Ti, ‘it iirdiryf 
con~ci\trdtion~ above 1 niM the tnmeric specics 14 favored 
Spectroscopic analysis of the carbonate species indicate the 
prerenct ol iiraniiini in the dic,irbonate form [UOr(COd-l- 
(log K 10 2 )  We h.ive denioiirtrated that an iiicreaw i n  

microbi,il c ~ c t i ~ t y  can enhmee urmiuni dissolution duc to 
torniation of the soluble uranyl carbonatc 5pecies Addiiioiial 
~tiidics drt iitidtd io ditirniint the extent nt microbial 
dissolu~ion 01 uraiiiiini associated with v‘irious phosphdte 
niiiier,il~ 
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