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The reduction kinetics of soluble hexavalent uranium
(U(VI)) to insoluble tetravalent U(IV) by both a mixed culture
of wild-type sulfate-reducing bacteria (SRB) and a pure
culture of Desulfovibrio desulfuricans (ATCC 7757) were
studied at variablecell concentrations.TheSRBweregrown
in chemostats, and the uranium reduction kinetics were
evaluated from batch experiments at 21 ¡C. The initial U(VI)
concentration was1mM,whiletheinitial cell concentration
varied from 0.18 to 1.27 mg dry wt/mL. A modified
nongrowth Monod model best fit the data across all cell
concentrations.For themixed culture, averagevalues for the
maximum specific reaction rate, kU, and for the half
saturation constant, KU, are 0.023 mM U(VI)/minâmg cells
and 0.25mM U(VI); for D.desulfuricans, kU is 0.030mM U(VI)/
minâmg SRB and KU is 0.50 mM U(VI). A lag-time before
enzymatic U(VI) reductionoccurred waspresent for systems
tested and was inversely correlated to cell concentration.
Transmission electron microscopy (TEM) of the cell/
precipitate suspension after U(VI) reduction indicated an
extracellular amorphous mass of electron dense material.
Examination of the cell/precipitate suspension with X-ray
PhotoelectronSpectroscopy(XPS) indicated thepresenceof
U(IV). The determined rate constants can be used to
design an SRB dominated bioreactor for U removal from
aqueous solutions.

Introduction
N at u ra l an d an t h ro p o g en i c so u rc es o f u ran i u m ( U ) c o n -
t am i n at i o n i n su rfac e an d g ro u n d w at ers are w i d esp read .
So u rc es fo r U i n p u t t o su rfac e an d g ro u n d w at ers i n c l u d e
n at u ra l U d ep o si t s, m i n i n g , m i l l i n g , an d t a i l i n g o p erat i o n s
an d U .S. D ep art m en t o f En erg y ( D O E) l o c at i o n s. Th e U .S.
En v i ro n m en t a l Pro t ec t i o n Ag en c y (EPA) h as p ro p o sed a
m axi m u m c o n t am i n an t l ev e l ( M CL) fo r U o f 2 0 µg / L ( 8 .4 !
1 0 - 8 M ) an d a m axi m u m c o n t am i n an t l ev e l g o a l ( M CLG) o f
0 .0 µg / L u n d er t h e Safe D ri n k i n g Wat er Ac t ( 1 ) . Cu rren t
t reat m en t o f c o n t am i n at ed w at ers fo r U rem o v a l i n v o l v e o n e
o r m o re o f sev era l m et h o d s i n c l u d i n g an i o n exc h an g e, l i m e
so ft en i n g , c o n v en t i o n a l c o ag u l at i o n , an d ac t i v at ed a l u m i n a.
Wh i l e t h ese m et h o d s are effec t i v e fo r rem o v i n g l o w c o n -
c en t rat i o n s o f U fro m aq u eo u s so l u t i o n , t h e am o u n t o f
rad i o ac t i v e h eav y m et a l w ast e sl u d g e o r b r i n e g en erat ed h as
t h e p o t en t i a l t o b e si g n i fi c an t . To ac h i ev e l o w effl u en t

c o n c en t rat i o n s, i .e . , e 2 0 µg / L, m u l t i p l e u n i t p ro c esses c an
b e i n v o l v ed ( rap i d m i x, fl o c c u l at i o n , sed i m en tat i o n , fi l t rat i o n ,
an d p H ad ju st m en t ) , l arg e d o ses o f c h em i c a l s are n eed ed ,
an d t reat m en t c o l u m n s n eed freq u en t rep l ac em en t an d / o r
reg en erat i o n ( 2 - 5 ) .

Bi o l o g i c a l t reat m en t o f so l u t i o n s c o n t a i n i n g u ran i u m
o ffers an al t ern at i v e t o c o n v en t i o n a l p h y si c a l / c h em i c a l
m et h o d s. Lo v l ey an d Ph i l l i p s ( 6 ) d esc r i b ed t h e ab i l i t y o f a
p u re c u l t u re o f t h e o b l i g at o ry an aero b i c su l fat e- red u c i n g
b ac t er i u m ( SRB) D esu l fo v i b r i o d esu l fu r i can s ( ATCC 2 9 5 7 7 )
t o en z y m at i c a l l y red u c e so l u b l e U ( VI ) i n an aq u eo u s en v i -
ro n m en t t o i n so l u b l e U ( IV) . O t h er m i c ro b i a l sp ec i es h av e
b een c h arac teri z ed as c ap ab l e o f U (VI) red u c t i o n , p rec i p i t a-
t i o n , o r so rp t i o n b y c el l w al l s. O rg an i sm s c ap ab l e o f en z y m at i c
red u c t i o n u si n g U ( VI ) as t h e i r t erm i n a l e l ec t ro n ac c ep t o r
i n c l u d e t h e i ro n red u c i n g b ac t er i a Geo b act er m eta l i red u cen s
( p rev i o u sl y GS- 1 5 ) ( 7 ) , Sh ew an el l a p u t refaci en s ( 7 ) , an d
Sh ew an el l a al ga st rai n BrY (p rev i o u sl y rep o rted as Sh ew an el l a
h a l o t o l eran s st ra i n BrY) ( 8 , 9 ) . A Ci t ro b act er sp . h as b een
sh o w n t o ac c u m u l at e p o l y c ry st a l l i n e H U O 2 PO 4â4 H 2 O o n t h e
c e l l su rfac e as a resu l t o f p rec i p i t a t i o n w i t h en z y m at i c a l l y
l i b erat ed p h o sp h at e at t h e c e l l su rfac e ( 1 0 - 1 3 ) . O rg an i sm s
st u d i ed fo r U u p t ake an d o r c e l l su rfac e ad so rp t i o n i n c l u d e
P seu d o m o n as sp . EPS- 5 0 2 8 ( 1 4 ) an d M yco b act er i u m sm eg-
m at i s ( 1 5 ) . Th ere i s o n l y o n e kn o w n sp ec i es o f SRB t h at
ap p ears t o g ro w w i t h U ( VI ) ( as w el l as Cr( VI ) , M n ( IV) , an d
Fe( I I I ) ) as t h e so l e e l ec t ro n ac c ep t o r an d t h at i s t h e Gram
p o si t i v e , sp o re fo rm i n g D esu l fo t o m acu l u m red u cen ssp . n o v .
st ra i n M I- 1 ( 1 6 ) .

Pr i o r t o t h e d esi g n o f an o p erat i o n a l b i o reac t o r, q u an -
t i fi c at i o n o f b i o red u c t i o n rat e c o effi c i en t s are n eed ed t o
d esi g n a sy st em an d sel ec t p ro p er o p erat i n g c o n d i t i o n s, su c h
as b i o m ass c o n c en t rat i o n , i n a U ( VI ) red u c i n g b i o reac t o r.
Lo v l ey an d Ph i l l i p s ( 6 ) g rew th e SRB c el l s i n b at c h an d sh o w ed
o p t i m al U ( VI ) red u c t i o n at 3 5 ¡C. H o w ev er, rat e c o n st an t s
fo r U ( VI ) b i o red u c t i o n w ere n o t d et erm i n ed n o r si m u l at ed ,
an d t h e effec t o f b i o m ass c o n c en t rat i o n o n U ( VI ) red u c t i o n
w as n o t exp l i c i t l y ev a l u at ed ( 6 ) . Rat e c o n st an t s n o rm al i z ed
t o b i o m ass fo r aq u eo u s U ( VI ) b i o red u c t i o n h av e b een
d et erm i n ed fo r t h e Fe( I I I ) red u c i n g Sh ew an el l a a l ga st ra i n
BrY at 2 2 ¡C u n d er n o n g ro w t h c o n d i t i o n s ( 8 ) . Gan esh et a l .
( 1 7 ) exp l o red , b u t d i d n o t m o d el , t h e effec t s o f o rg an i c U ( VI )
c o m p l exes b ei n g red u c ed t o U ( IV) i n t h e p resen c e o f
D esu l fo v i b r i o d esu l fu r i can so r Sh ew an el l a a l ga. Th e p o ten t i a l
ad v an t ag es o f an SRB d o m i n at ed t reat m en t sc h em e i n c l u d e
t h e fo l l o w i n g : ( 1 ) su l fat e i s av a i l ab l e i n n at u ra l w at ers t o
p ro v i d e en erg y fo r t h e g ro w t h o f U ( VI ) red u c i n g SRB an d ( 2 )
a sy st em b ased o n i ro n red u c i n g b ac t er i a p ro d u c es so l u b l e
Fe( I I I ) w h i c h c o u l d o xi d i z e b i o red u c ed i n so l u b l e U ( IV) b ac k
t o so l u b l e U ( VI ) ( 6 ) .

Th ere are at l east t h ree p o ssi b l e p ro c esses fo r t h e rem o v al
o f U ( VI ) i n t h e p resen c e o f b ac t er i a l c e l l s: ( 1 ) U ( VI ) b i n d i n g
t o o n e o r m o re m o i et i es o n t h e w h o l e c e l l su rfac e; ( 2 ) ab i o t i c
red u c t i o n o f U ( VI ) b y SRB p ro d u c ed su l fi d e i n c o n ju n c t i o n
w i t h p rec i p i t a t i o n o f U ( IV) sp ec i es; an d ( 3 ) b i o red u c t i o n o f
U ( VI ) t o U ( IV) v i a en z y m at i c d i ssi m i l a t o ry m et a l red u c t i o n
w i th U (VI) ac t i n g as a term i n al el ec t ro n ac c ep to r. M o h ag h eg h i
et a l . ( 1 8 ) p o si t ed t h at t h e c o m b i n ed effec t s o f p ro c esses 1
an d 2 w ere resp o n si b l e fo r U ( VI ) red u c t i o n . Su b seq u en t w o rk
b y Lo v l ey an d Ph i l l i p s ( 6 ) d em o n st rat ed t h at p ro c ess 3 ,
b i o red u c t i o n , i s th e d o m i n an t m ec h an i sm fo r U (VI) red u c t i o n
i n t h e p resen c e o f SRB. Fu rt h er st u d i es o n D esu l fo v i b r i o
v u l gar i s ( H i l d en b o ro u g h , ATCC 2 9 5 7 9 ) d em o n st rat ed t h at
t h e en z y m e resp o n si b l e fo r U ( VI ) red u c t i o n i s c y t o c h ro m e
c3 , w h i c h i s o n e o f t h e en z y m es resp o n si b l e fo r su l fat e
red u c t i o n ( 1 9 - 2 1 ) ; i t i s a p er i p l asm i c a l l y b o u n d ( b et w een
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t h e o u ter su rfac e o f th e c y t o p l asm i c m em b ran e an d th e i n n er
su rfac e o f t h e l i p o p o l y sac c h ari d e l ay er o f Gram n eg at i v e
b ac t er i a) , e l ec t ro n - t ran sfer p ro t e i n ( 2 2 - 2 4 ) . Fac t o rs t h at c an
affec t U ( VI ) b i o red u c t i o n are c o m p et i t i o n b et w een el ec t ro n
ac c ep t o rs an d U sp ec i at i o n i n so l u t i o n . Th e effec t o f u ran y l
c arb o n at o sp ec i es i n so l u t i o n o n u ran i u m en z y m at i c b i o -
red u c t i o n h as b een p rev i o u sl y rep o rt ed ( 2 5 - 2 7 ) . Lo v l ey an d
Ph i l l i p s ( 6 ) c o n si d ered t h e c o m p et i t i o n b et w een el ec t ro n
ac c ep t o rs w i t h t h e red u c t i o n o f U ( VI ) i n t h e p resen c e o f
su l fat e . Gan esh et a l . ( 1 7 ) c o n si d ered t h e red u c t i o n o f U ( VI )
w i t h o rg an i c l i g an d s.

In t h i s p ap er w e d esc r i b e t h e k i n et i c s o f U ( VI ) red u c t i o n
t o U ( IV) at ro o m t em p erat u re ( 2 1 ¡C) u n d er an aero b i c ,
n o n g ro w t h , b at c h c o n d i t i o n s, b y b o t h a m i xed c u l t u re o f
c h em o st at g ro w n w i l d - t y p e SRB an d a p u re c u l t u re o f
D esu l fo v i b r i o d esu l fu r i can s ( ATCC 7 7 5 7 ) . M o d el i n g t h e
k i n et i c s o f t h i s an aero b i c d i ssi m i l a t o ry m et a l red u c t i o n w i t h
su b seq u en t b i o m i n era l i z at i o n i s req u i red fo r t h e d ev e l o p -
m en t o f b i o t reat m en t d esi g n sc h em es c ap ab l e o f rem o v i n g
u ran i u m fro m a c o n tam i n ated w ater u si n g SRB. Bi o t reatm en t
d esi g n s w i l l req u i re c o n t i n u o u s g ro w th o f b ac teri a o p t i m i z ed
fo r g ro w t h at am b i en t w at er t em p erat u res. A w i l d - t y p e
o rg an i sm w as u t i l i z ed i n t h i s st u d y b ec au se p u re c u l t u res o f
m i c ro o rg an i sm s sto c ked i n c u l t u re c o l l ec t i o n s c an l o o se th ei r
ab i l i t y t o ad ap t t o ev er c h an g i n g en v i ro n m en t a l c o n d i t i o n s
v i a D N A m u t at i o n o r t ran sp o so n ad d i t i o n o f an i m p o rt an t
en v i ro n m en t a l t ra i t ( 2 0 , 2 8 ) . Gro w t h o f SRB at t em p erat u res
l o w er t h an g ro w t h o p t i m u m ( e.g ., 3 5 ¡C) are i m p o rt an t fo r
fu t u re t reat m en t sc h em es si n c e m o st m i n e o r g ro u n d w at ers
are si g n i fi c an t l y c o o l er ( e .g . 1 0 - 2 0 ¡C) . Th e w h o l e c e l l SRB
en z y m at i c b i o m i n eral i z at i o n p ro c ess i s an at t rac t i v e al tern a-
t i v e fo r b i o t reat m en t sc a l e- u p b ec au se o f t h e ease o f g ro w t h
o f SRB o n su rfac es, rap i d en z y m at i c b i o red u c t i o n , t h e
p o t en t i a l fo r m i n i m al m ed i a su p p l em en t at i o n t o an U ( VI )
c o n t a i n i n g feed w at er, an d a w i d e ran g e o f u sefu l o p erat i n g
t em p erat u re.

Experimental Section
Bacterial Culture. A m i xed c u l tu re o f su l fate red u c i n g b ac teri a
w as o b t a i n ed b y an an aero b i c ag ar d eep t u b e m et h o d w i t h
d i l u t i o n s ( 2 0 ) fro m a m u d sam p l e t aken fro m a b i o reac t o r
u sed fo r t h e t reat m en t o f ac i d m i n e d ra i n ag e. M ed i a
c o m p o si t i o n w as a m o d i fi ed Po st g at e E ( 2 0 ) c o n t a i n i n g t w o
red u c i n g ag en t s, w i t h et h an o l as t h e c arb o n so u rc e ( Tab l e
1 ) . Al l c h em i c a l s u t i l i z ed fo r t h ese st u d i es w ere reag en t g rad e
o r b et t er an d u sed w i t h o u t fu rt h er p u ri fi c at i o n . Veri fi c at i o n

o f an aero b i c c o n d i t i o n s i n t h e ag ar d eep t u b e w as v i a a
resaz u r i n i n d i c at o r m o v i n g fro m p i n k t o c l ear o r o p aq u e
ag ar c o l o r i n d i c at i n g an Eh e - 5 1 m V ( 2 0 ) . Seri a l d i l u t i o n s
o f a 1 g m u d sam p l e w ere m ad e i n st er i l e p h o sp h at e b u ffered
sa l i n e fro m 1 0 - 2 t h ro u g h 1 0 - 8 g / L c o n c en t rat i o n s. O n c e
c o l o n y g ro w t h w as i n d i c at ed b y t h e fo rm at i o n o f i ro n su l fi d e
( b l ac k) i n t h e d eep t u b es, t h e t u b e o f i n t erest w as sp l i t o p en
asep t i c a l l y , an d t h e c o l o n i es rem o v ed an d m i xed w i t h an
au t o c l av ed m o d i fi ed Po st g at e C ( 2 0 ) ( Tab l e 1 ) m ed i u m .
So d i u m c i t rat e w as p resen t i n t h i s m ed i u m as a c h el at o r t o
m i n i m i z e t h e fo rm at i o n o f i ro n su l fi d es fro m t h e p ro d u c t i o n
o f b i o g en i c su l fi d es b y t h e SRB. In i t i a l l y , c e l l s w ere g ro w n o n
et h an o l i n b at c h , fo l l o w ed b y u n i n t erru p t ed c u l t i v at i o n i n a
c h em o st at fed w i t h l ac t at e c o n t a i n i n g m o d i fi ed Po st g at e C
( Tab l e 1 ) . Th e m i xed SRB c u l t u reÕs c arb o n so u rc e w as
c h an g ed t o l ac t at e t o i n c rease c e l l y i e l d an d d en si t y ( 2 9 ) .

Co n t i n u o u s c u l t i v at i o n o f t h e m i xed c e l l c u l t u re i n a
c h em o st at w as c arr i ed o u t o n an i n su l at ed m ag n et i c st i rrer
i n an an aero b i c c h am b er (Bac t ro n II , Sh el d o n M an u fac tu ri n g )
fed w i t h an aero b i c m i xed g as ( AM G) c o n t a i n i n g 9 0 % N 2 , 5 %
H 2 , an d 5 % CO 2 . Yi e l d fro m t h e c h em o st at av erag ed 0 .1 0 -
0 .1 5 m g d ry w t c e l l s/ m L g ro w t h m ed i a . Th e c h em o st at
h y d rau l i c resi d en c e t i m e ran g ed fro m 1 5 t o 2 5 h t h ro u g h t h e
u se o f e i t h er 2 5 0 o r 5 0 0 m L sq u are p o l y c arb o n at e b o t t l es.
Av erag e t em p erat u re d u ri n g g ro w t h i n t h e c h em o st at o n t h e
c h am b er st ag e w as 2 1 ¡C ( 3 ¡C.

D esu l fo v i b r i o d esu l fu r i can s( ATCC 7 7 5 7 ) c e l l s w ere g ro w n
i n m o d i fi ed Po st g at e C m ed i u m ( Tab l e 1 ) at 2 1 ¡C ( 3 ¡C i n
t h e an aero b i c c h am b er. Th e D . d esu l fu r i can s c u l t u re w as
a l so g ro w n i n a c h em o st at w i t h an 8 h h y d rau l i c resi d en c e
t i m e as d esc r i b ed fo r t h e m i xed c u l t u re ab o v e. Refr i g erat ed
st o c ks o f b o t h c u l t u res w ere t ran sferred t o fresh m ed i a
ap p ro xi m at e l y ev ery t w o w eeks.

Microscopy. Sam p l es w ere p rep ared fo r t ran sm i ssi o n
e l ec t ro n m i c ro sc o p y ( TEM ) b y t ran sferr i n g a d ro p o f c e l l /
p rec i p i t a t e su sp en si o n t o a c arb o n an d Fo rm v ar c o at ed EM
c o p p er g r i d t h at h ad b een fresh l y g l o w - d i sc h arg ed . Exc ess
sam p l e w as b l o t t ed o ff o f t h e g r i d , an d t h e g r i d w as a l l o w ed
t o a i r- d ry . Th e c e l l s w ere i m ag ed i n a JEO L 1 0 0 C el ec t ro n
m i c ro sc o p e o p erat i n g at 1 0 0 kV. Cel l su sp en si o n s fro m t h e
g ro w t h c u l t u re an d fro m U ( VI ) red u c t i o n exp eri m en t s w ere
exam i n ed . Cel l su sp en si o n sam p l es fro m exp eri m en t s w i t h
an i n i t i a l U ( VI ) c o n c en t rat i o n o f 1 m M U n at u ra l ( as u ran y l
ac et at e) w ere t aken at 3 h o f reac t i o n t i m e an d m ai n t a i n ed
i n an aero b i c 1 5 m L sc rew c ap v i a l s.

TABLE 1. Media Compositions Used in These Kinetic Studiesa

constituent isolation medium growth medium expt medium wash uranium stock

potassium phosphate (mono) 0.5
potassium phosphate (dibasic) 0.5
ammonium chloride 1.0 1.0
sodium sulfate 1.0 2.0
calcium chloride 0.07 0.06
magnesium chloride 2.0 0.06
iron sulfate 0.1 0.005
sodium citrate 0.3
yeast extract 1.0 0.1
ethanol (100%) 4.5 mL/L
agar 15.0
sodium lactate (60%) 15 mL/L 1.9 mL/L
mercaptoacetic acid 0.1
ascorbic acid 0.1
resazurin (0.1% soln) 1.0 mL/L
sodium bicarbonate 2.0 2.5 2.5
uranyl acetate 4.241
a Unless noted, all values are given in g/L and mixed in deionized water. With the exception of the U media stock, all media are sterilized by

autoclave at 121 ¡C and 1 kg/cm2 pressure. The isolation medium is pH 7.5, the others are pH 7.0, and the U stock is made up in pH 7.0 wash media.
The isolation medium has ethanol added post-autoclaving.
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Spectroscopy. Th e c el l / p rec i p i t a t e p h ase o f a U ( VI )
red u c t i o n exp eri m en t w as exam i n ed w i t h X- ray p h o t o e l ec -
t ro n sp ec t ro sc o p y ( XPS) b y J. D o u g l as Farr at Lo s Al am o s
N at i o n a l Lab o rat o ry , N M . At 3 .5 h aft er i n i t i a t i o n o f t h e U
b i o red u c t i o n exp eri m en t ( c e l l c o n c en t rat i o n , X ) 1 m g d ry
w t / m L, U ) 1 m M ) , 4 m L o f t h e SRB c el l / p rec i p i t a t e / m ed i a
w as rem o v ed fro m t h e p o l y c arb o n at e fl ask w i t h a 3 c m 3 / 2 1
g au g e sy r i n g e an d fi l t ered aero b i c a l l y t h ro u g h a 0 .2 µm
N u c l eo p o re p o l y c arb o n at e fi l t er . Th e N u c l eo p o re fi l t er
ap p arat u s w i t h fi l t er w as t h en q u i c k l y p l ac ed (e 1 m i n ) i n an
an aero b i c c h am b er, w h ere t h e fi l t er w as rem o v ed , p l ac ed
i n t o a 1 5 m L c o n i c a l t u b e, an d an aero b i c a l l y sea l ed ( 9 0 % N 2 ,
5 % CO 2 , an d 5 % H 2 ) . Th e t u b es w ere sh i p p ed t o Lo s Al am o s
w h ere t h e t w o sam p l e t u b es w ere t h en o p en ed an d t h e fi l t ers
an al y z ed u si n g XPS. M easu rem en t w as p erfo rm ed as d e-
sc r i b ed b y Fran c i s et a l . ( 3 0 ) t o an al y z e fo r t h e U o xi d at i o n
st at e .

Cell Growth and Preparat ion. SRB c el l s w ere c o l l ec t ed
fro m t h e g ro w t h c h em o st at , t ran sferred t o 1 5 m L c en t r i fu g e
tu b es, an d d ec an t ed i n th e an aero b i c c h am b er. Cen t r i fu g a-
t i o n t o c o n c en t rat e t h e c e l l s w as p erfo rm ed at 1 1 6 0 g fo r 5
m i n . Aft er c en t r i fu g at i o n o f t h e c e l l s i n g ro w t h m ed i a , t h e
su p ern atan t l i q u i d w as p o u red o ff, an d th e c el l s w ere w ash ed
o n c e i n o n e- t h i rd th e g ro w th v o l u m e ( 5 m L) o f d eo xy g en at ed
2 .5 g / L so d i u m b i c arb o n at e b u ffer ( au t o c l av e st er i l e , p H 7 .0 )
( 6 , 8 ) . Fo l l o w i n g a sec o n d sp i n an d su p ern atan t l i q u i d rem o v al
v i a p o u r- o ff, t h e resi d u a l fl u i d w as rem o v ed an aero b i c a l l y
fro m t h e t u b e w i t h a Past eu r p i p et , l eav i n g ju st t h e SRB c el l
p el l et . Th e tu b es w ere th en w ei g h ed o n an an al y t i c a l b a l an c e.
A w et w ei g h t c e l l m ass w as o b t a i n ed an d c o n v ert ed t o a d ry
w ei g h t c e l l m ass w i t h a d ry w ei g h t an a l y si s m u l t i p l i c at i o n
fac t o r ( 3 1 ) . D ry w ei g h t c e l l an a l y ses ( 3 1 ) w ere p erfo rm ed
m o n t h l y o n b o t h t h e p u re an d m i xed c u l t u res. Wei g h ed c e l l
p e l l e t s w ere su sp en d ed i n 1 m L o f st er i l e , d eo xy g en at ed
exp eri m en t m ed i a ( Tab l e 1 ) an d su b jec t ed t o k i n et i c st u d i es.

Kinet ic Studies. A sel ec t ed am o u n t o f t h e c h em o st at
g ro w n SRB c el l m ass ( c e l l p e l l e t s, 0 .2 - 1 .3 m g d ry w t / m L)
w as su sp en d ed an aero b i c a l l y i n p H 7 .2 st er i l e exp eri m en t
m ed i a ( Tab l e 1 ) w i t h a sm al l m ag n et i c st i r b ar, i n st er i l e
p o l y c arb o n at e sep t u m fl asks ( a 3 0 m L sq u are p o l y c arb o n at e
b o t t l e w i t h a 1 c m h o l e c u t i n t h e t o p o f t h e sc rew c ap ) sea l ed
w i t h Tefl o n l i n ed b u t y l ru b b er st o p p ers b et w een t h e b o t t l e
an d t h e sc rew c ap . Th e U ( VI ) w as ad d ed w i t h i n 1 5 m i n as
u ran y l ac et at e , U O 2 ( CH 3CO O ) 2â2 H 2 O , fro m a 1 0 m M st o c k

so l u t i o n (Tab l e 1 ) . Th e u ran y l ac etate w as m i xed w i t h 2 3 3 U ( VI )
as a y i e l d t rac er ( t y p i c a l l y 2 0 0 µL o f a 2 3 6 7 0 d p m / m L st o c k
2 3 3 U ( VI ) so l u t i o n ; 2 3 3 U fro m Iso t o p e Pro d u c t s Lab o rat o ry ) i n
a sy r i n g e an d fed t o t h e c e l l s b y i n jec t i o n t h ro u g h t h e sep t u m
w i t h a 3 c m 3 / 2 1 g au g e sy r i n g e.

Th e an aero b i c p o l y c arb o n at e fl asks w ere st i rred o n
i n su l at ed m ag n et i c st i r m o t o rs at am b i en t ro o m c o n d i t i o n
( 2 1 ¡C ( 3 ¡C) . Th e 1 .5 m L sam p l es w ere rem o v ed v i a a 3
c m 3/ 2 1 g au g e sy ri n g e at t i m es o f i n terest . Th e rem o v ed al i q u o t
o f so l u t i o n w as t h en p l ac ed i n a 1 .5 m L p o l y st y ren e
m i c ro c en t r i fu g e t u b e an d sp u n at 1 2 0 0 0 rp m fo r 3 m i n .
Su p ern at an t so l u t i o n ( " 1 .5 m L) w as c o l l ec t ed b y p i p et an d
ad d ed t o 2 0 m L p l ast i c sc i n t i l l a t i o n v i a l s c o n t a i n i n g 1 0 m L
o f U l t i m a Go l d sc i n t i l l a t i o n c o c kt a i l ( Pac kard ) . Th e c el l p e l l e t
an d 1 .5 m L o f d ei o n i z ed w at er w ere ad d ed t o t h e sam e t y p e
o f v i a l d esc r i b ed ab o v e. Th e m ass b al an c e o f u ran i u m w as
c h ec ked at l east t h ree t i m es p er exp eri m en t , c o m p ari n g
su p ern atan t l i q u i d ac t i v i t y + p el l et ac t i v i t y w i t h t o t a l ac t i v i t y .
Fo r to tal ac t i v i t y o f sam p l es taken at th e sam e t i m e, th e sam p l e
w as b l en d ed d i rec t l y w i t h sc i n t i l l a t i o n c o c kt a i l . Sc i n t i l l a t i o n
c o u n t i n g w as p erfo rm ed o n ei th er a M o d el 1 6 0 0 TRo r a M o d el
2 5 0 0 TRPac kard Tri - Carb Li q u i d Sc i n t i l l a t i o n An al y z er fo r 1 0
m i n / v i a l . Ty p i c a l c o u n t i n g erro rs w ere 2 % o r l ess. Sel ec t ed
exp eri m en t s w ere al so p erfo rm ed u si n g SRB c el l s i n exp eri -
m en t m ed i a w i t h t h e ad d i t i o n o f t h e u ran y l ac et at e o n l y .
Su b seq u en t an al y si s w as c o n d u c t ed w i t h a k i n et i c p h o s-
p h o resc en c e an al y z er ( KPA) ( 8 ) . Veri fi c at i o n o f t h e ac c u rac y
o f t h e sc i n t i l l a t i o n c o u n t i n g m eth o d w as m ad e b y c o m p ari n g
d at a t o exp eri m en t s d o n e w i t h U n at u ra l an a l y z ed w i t h KPA as
d o n e el sew h ere ( 6 , 8 ) .

Al l exp eri m en t s w ere p erfo rm ed at l east i n t r i p l i c at e .
N eg at i v e , i .e . , n o red u c t i o n , c o n t ro l exp eri m en t s w ere
p erfo rm ed b y t h e sam e m et h o d w i t h t h e ad d i t i o n o f 1 0 m M
so d i u m m o l y b d at e, a kn o w n b l o c k i n g ag en t o f t h e en z y m e
c y t o c h ro m e c3 , p r i o r t o t h e ad d i t i o n o f U ( VI ) . D at a an al y si s
an d n o n l i n ear m o d el fi t t i n g w as c o n d u c t ed o n M i c ro so ft
EXCEL sp read sh eet s w i t h t h e u se o f t h e SO LVER fu n c t i o n .

Results and Discussion
Lag Time. Th e rem o v a l o f U ( VI ) b y t h e m i xed SRB c u l t u re
( c e l l c o n c en t rat i o n s v ary i n g fro m 0 .2 t o 1 .3 m g d ry w t / m L)
fro m aq u eo u s so l u t i o n s w i t h an i n i t i a l U ( VI ) c o n c en t rat i o n
o f 1 m M i s p resen t ed i n Fi g u re 1 . Tw o d o m i n an t t ren d s c an

FIGURE1. Dissolved U(VI) concentration as a function of time for a series of experiments at different cell concentrations. The data points
represented for each cell concentration series represent an average of at least three data points for three separate experiments at the
time points represented. Each data series cell concentration is represented in mg dry wt cells/mL: ([ ) 1.27, (9 ) 0.32 control experiment,
(2 ) 0.81, (! ) 0.46, (¼) 0.33, (b ) 0.29, (+ ) 0.22, and (O) 0.18.
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b e seen i n t h e d at a: ( 1 ) a l ag t i m e ( t L) t o t h e o n set o f U ( VI )
red u c t i o n w as o b serv ed to b e a fu n c t i o n o f c el l c o n c en t rat i o n ,
an d ( 2 ) t h e U ( VI ) red u c t i o n rat e i n c reases w i t h i n c reasi n g
c e l l c o n c en t rat i o n as i n d i c at ed b y t h e sl o p es o f t h e l i n es
d raw n t h ro u g h t h e d at a. Th e d at a rep resen t ed i n Fi g u re 1
are av erag ed d at a o f at l east t h ree exp eri m en t a l ru n s p er c e l l
c o n c en t rat i o n . Th e l ag t i m e i s i n v erse l y c o rre l at ed t o an
exp o n en t i a l fu n c t i o n o f c e l l c o n c en t rat i o n w i t h a c o effi c i en t
o f d et erm i n at i o n , r 2 , o f 0 .9 9 , an d ran g es fro m ap p ro xi m at e l y
o n e- h a l f h o u r at a c e l l c o n c en t rat i o n , X, o f 1 .3 m g d ry w t /
m L, t o 3 h at X eq u al t o 0 .2 m g d ry w t / m L ( Fi g u re 2 ) . A
fi rst - o rd er m o d el fo r t L as a fu n c t i o n o f X b est fi t t h e o b serv ed
l ag . Th e m o d el ( eq 1 ) w as fi t t o t h e d at a b y l i n ear reg ressi o n

w h ere, aft er reg ressi o n , ! L ) 1 9 8 m i n , R ) 1 .3 5 m L/ m g , an d
X i s t h e SRB c el l c o n c en t rat i o n i n m g d ry w t c e l l s/ m L.

A l ag t i m e w as a l so o b serv ed w i t h t h e p u re c u l t u re
D esu l fo v i b r i o d esu l fu r i can s ( ATCC 7 7 5 7 ) u si n g t h e sam e
exp eri m en t a l c o n d i t i o n as w i t h t h e m i xed c u l t u re sy st em .
Th e p u re c u l t u re, at X eq u al t o 0 .3 3 m g d ry w t / m L, h ad a t L

eq u al t o 9 0 m i n ( Fi g u re 3 ) . Fo r a si m i l ar c e l l c o n c en t rat i o n
o f t h e m i xed SRB c el l c u l t u re a l ag t i m e o f 1 2 0 m i n w as
o b serv ed . A c el l c o n c en t rat i o n o f 0 .5 8 m g d ry w t c e l l s/ m L
w o u l d b e req u i red fo r t h e m i xed c u l t u re t o sh o w a 9 0 m i n
l ag t i m e t o t h e o n set o f U ( VI ) red u c t i o n ( Fi g u re 2 ) . Fro m t h i s
c o m p ari so n o f c u l t u res i t c an b e seen t h at U ( VI ) red u c t i o n
b et w een th e m i xed an d p u re c u l t u res i n d i c ates a d ep en d en c e
o n c el l c u l t u re t y p e. O n e p o ssi b l e reaso n fo r t h e d i fferen t l ag
t i m es i s t h at t h e m i xed c u l t u re c o n t a i n s a d i fferen t sp ec i es
o f SRB. D i fferen t sp ec i es o f SRB d o n o t exh i b i t t h e sam e rat e
o f su l fate red u c t i o n ( 2 0 ) an d th u s w o u l d b e exp ec ted to exh i b i t
d i fferen c e i n U ( VI ) red u c t i v e b eh av i o r. A sec o n d p o ssi b l e
reaso n i s t h at t h e m i xed c u l t u re m ay c o n t a i n a frac t i o n o f
n o n - U red u c i n g an d / o r n o n - SRB c el l s t h at c o n t r i b u t e t o

FIGURE2. Lag time, tL, as a function of cell concentration, X. Equation 1 model l ine is represented with experimental cell concentrations
tested as data points. These cell concentrations plotted on the best fi t l ine yield a value for the time lag which was then used for the
inverse modeling. Lag time is predictable and observable for both the mixed and pure SRB cell cultures, though this curve represents
the mixed culture only. The highest cell concentrations tested in these experiments uti l ized 1.3 mg dry wt cells/mL, well within the
observable lag time. (o) points represent the time lags observed from the experimental data.

FIGURE3. Dissolved U(VI) reduction by a pure culture of Desulfovibrio desulfuricans (ATCC7757) reducing 1 mM U(VI). Cell concentration
is 0.33 mg dry wt cells/mL with an observed lag time of 90 min. The data points represent an average of two experiments performed at
the same U(VI) and X concentrations. The model l ine is a plot of eqs 6 and 7 after having the sum of the errors squared minimally solved
on spreadsheets between the experimentally determined data (the data points on graph) and those predicted using three of the five model
parameters.

t L ) ! Le-R X ( 1 )
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b i o m ass o n l y . Th e d et erm i n ed SRB c el l m ass u sed i n t h ese
exp eri m en t s w o u l d t h en b e o v erest i m at ed b y t h e t o t a l c e l l
m ass.

Th e l ag t i m e fo r U rem o v a l i s an a l o g o u s t o t h e l ag p h ase
rep o rt ed fo r b ac t er i a l g ro w t h an d m et ab o l i sm w h ereb y
i n n o c u l u m si z e, c h an g e i n m ed i a , c h em o st at g ro w t h v erses
b at c h g ro w t h , i n d u c t i o n o f en z y m es, se l ec t i o n o f n ew
m et ab o l i c c ap ab i l i t i es, an d an i n c rease i n t h e n u m b er o f
c e l l s ab l e t o m et ab o l i z e a n ew c o m p o u n d are a l l fac t o rs t h at
c an c au se an d affec t a l ag ( 3 2 ) . Th e g ro w t h p h ase o f an
i n n o c u l u m h as a st ro n g effec t o n t h e l en g t h o f t i m e o f t h e
l ag p h ase. Cu l t u res i n exp o n en t i a l g ro w t h p h ase at t h e t i m e
o f t ran sfer sh o u l d h av e a sh o rt er l ag p h ase t h an c u l t u res i n
st at i o n ary p h ase ( 3 3 ) . Th e t ran sfer o f a sm al l i n n o c u l u m
v o l u m e i n t o a l arg e m ed i u m v o l u m e c an c au se t h e o u t w ard
d i ffu si o n o f v i t am i n s an d c o fac t o rs i n t o t h e b u l k m ed i u m
an d red u c e t h e c o n c en t rat i o n o f c r i t i c a l reac t an t s req u i red
fo r a t h resh o l d v a l u e. Th i s c o u l d resu l t i n a l ag t i m e as t h e
c u l t u re reest ab l i sh es t h e n ec essary i n t ern a l c o n c en t rat i o n s
( 3 3 ) . Th i s i s c o n si st en t w i t h t h e o b serv ed l ag t i m e b ei n g a
fu n c t i o n o f c e l l c o n c en t rat i o n fo r b o t h c u l t u res t est ed h ere.
Th e c e l l s w ere t ran sferred fro m t h e g ro w t h m ed i u m i n a
c h em o st at t o a si m p l er b i c arb o n at e / l ac t at e / U exp eri m en t
m ed i a i n b at c h fo r k i n et i c an a l y si s. Su c h a t ran sfer b et w een
sy st em s c o u l d h av e affec t ed t h e c e l l s ab i l i t y t o i m m ed i at e l y
red u c e u ran i u m .

O t h er i n v est i g at o rs st u d y i n g b ac t er i a l U red u c t i o n h av e
n o t o b serv ed a l ag t i m e i n U rem o v a l ( 6 , 8 , 9 , 2 6 ) . Th ese
st u d i es em p l o y ed b at c h g ro w t h o f t h e c e l l c u l t u res fo l l o w ed
b y b at c h k i n et i c st u d i es at 3 5 ¡C ( 6 , 8 , 9 , 2 6 ) . Fo r b o t h c u l t u res
t est ed h ere, c e l l s w ere g ro w n c o n t i n u o u sl y at 2 1 ¡C, fo l l o w ed
b y b at c h k i n et i c st u d y at 2 1 ¡C. Th e SRB w ere g ro w n i n a
c h em o st at t o si m u l at e t h e g ro w t h c o n d i t i o n s an t i c i p at ed fo r
a c o n t i n u o u s fl o w t reat m en t sy st em . Bat c h k i n et i c exp eri -
m en t s w ere c o n d u c t ed w i t h t h e sc i n t i l l a t i o n m et h o d t o
fac i l i t a t e m o re rap i d d at a c o l l ec t i o n . Lo w er t em p erat u re fo r
b o t h g ro w t h an d k i n et i c an a l y si s w as u sed t o b e c l o ser t o
o p erat i o n a l t em p erat u res o f a w o rk i n g b i o t reat m en t sy st em .
Lo v l ey an d Ph i l l i p s ( 6 ) o b serv ed n o l ag t i m e fo r U ( VI )
red u c t i o n b y SRB fo r fo u r l i ke l y reaso n s: ( 1 ) t h e i r sy st em s
ev a l u at ed h i g h c e l l c o n c en t rat i o n s, w h i c h w o u l d fo st er rap i d
red u c t i o n ; ( 2 ) t h e i n i t i a l sam p l i n g t o o k p l ac e aft er 6 0 - 9 0
m i n an d , t h u s, d i d n o t c ap t u re a l ag p er i o d ; ( 3 ) t h e
t em p erat u re o f g ro w t h an d b at c h k i n et i c st u d y w as h i g h
en o u g h t o en su re o p t i m al m et ab o l i c ac t i v i t y ; an d ( 4 ) t h e
g ro w t h p h ase o f c e l l s u sed i n t h e k i n et i c an a l y si s, as
m en t i o n ed ab o v e. Fo r th e i ro n an d U (VI) red u c i n g Sh ew an el l a
a l ga st ra i n BrY, t h e sam e fo u r reaso n s ap p l y . Tru ex et a l . ( 8 )
u sed 1 h sam p l i n g i n t erv a l s t h at a l so m ay h i d e an o b serv -
ab l e l ag . Th e c o m b i n at i o n o f d i fferen t g ro w t h c o n d i t i o n s,
d i fferen t exp eri m en t a l c e l l c o n c en t rat i o n s, an d d i fferen t
sam p l i n g i n t erv a l s c o u l d a l l c o n t r i b u t e t o a m ask i n g o f a l ag
t i m e. As w as d o n e i n t h i s st u d y , o t h ers ( 6 , 8 ) h av e w ash ed
c e l l s b et w een g ro w t h an d b at c h k i n et i c st u d y . Cel l w ash i n g
w as exam i n ed t o d et erm i n e i f t h i s a l t ered t h e U ( VI ) red u c i n g
ab i l i t y o f t h e m i xed SRB c el l s h arv est ed fro m t h e c h em o -
st at , i .e . , t o ev a l u at e i f t h e w ash i n g p ro c ed u re w h i c h i s p art
o f t h e exp eri m en t a l p ro t o c o l m ay h av e rem o v ed a c r i t i c a l
ra t e- l i m i t i n g c o m p o u n d o r c o fac t o r , resu l t i n g i n t h e o b -
serv ed l ag t i m e. Cel l s g ro w n i n t h e CSTR w ere rem o v ed ,
c en t r i fu g ed , n o t w ash ed , an d ad d ed t o U ( VI ) c o n t a i n i n g
exp eri m en tal m ed i a. Wash ed v erses u n w ash ed c el l s exh i b i t ed
t h e sam e l ag t i m e t o q u an t i fi ab l e U ( VI ) red u c t i o n ( d at a n o t
sh o w n ) .

A ser i es o f re i n jec t i o n exp eri m en t s w as u n d ert aken t o
d et erm i n e i f a rat e l i m i t i n g c o m p o u n d h ad b een p ro d u c ed
i n su ffi c i en t q u an t i t y d u r i n g t h e i n i t i a l l ag t i m e. Th i s t est w as
p erfo rm ed t o o b serv e i f a sec o n d ary l ag t i m e i s n eed ed t o
red u c e ad d i t i o n a l U ( VI ) . Ad d i t i o n a l U ( VI ) w as ad d ed aft er
9 0 % o f t h e i n i t i a l 1 m M U ( VI ) w as red u c ed at t i m e 1 5 0 m i n

aft er t h e i n i t i a l 1 m M i n jec t i o n , t o ret u rn t h e so l u t i o n p h ase
U ( VI ) c o n c en t rat i o n t o 0 .3 m M . U ( VI ) red u c t i o n w i t h n o l ag
t i m e w as su b seq u en t l y o b serv ed ( Fi g u re 4 ) , i n d i c at i n g t h at
t h e U ( VI ) red u c t i o n m ec h an i sm w as ac t i v e d u ri n g t h i s
sec o n d ary exp o su re an d n o l o n g er rat e l i m i t i n g . Th i s fac et
i s i m p o rt an t fo r c o n t i n u a l U ( VI ) red u c t i o n i n an SRB
b i o t reat m en t sc h em e, w h ere i n i t i a l exp o su re fo l l o w ed b y
sec o n d ary , p u l se, o r c o n t i n u a l exp o su re w o u l d b e p art o f t h e
d esi g n sc h em e. Fo r sc a l i n g - u p t h i s b i o red u c t i o n p ro c ess, i t
i s i m p o rt an t t o ev a l u at e t h e k i n et i c s re l at i v e t o exp eri m en t a l
o p erat i o n , c o n d i t i o n s, an d p aram et ers.

KineticModeling. N o n g ro w th M o n o d ki n et i c m o d el s w ere
fi t t o t h e d at a b y seg reg at i n g t h e d at a i n t o t w o reg i o n s fo r
m o d el fi t t i n g ( Fi g u re 5 ) : reg i o n 1 i s t h e l ag t i m e ( t L) an d
reg i o n 2 i s t h e p eri o d o f U ( VI ) red u c t i o n .

Model 1. Fo r t h e t > t L reg i o n , t h e fi rst m o d el ap p l i ed w as
a si m p l e M o n o d n o n g ro w t h m o d el w h ere

an d k U i s a u t i l i z at i o n c o n st an t ( m axi m u m sp ec i fi c U ( VI )
red u c t i o n rat e) i n m M U / m i n âm g SRB, U i s t h e u ran i u m
c o n c en t rat i o n i n m M , X i s t h e SRB c el l c o n c en t rat i o n i n m g
d ry w t c e l l s/ m L, an d KU i s t h e M o n o d h al f- sat u rat i o n
c o effi c i en t i n m M U . Th e n o n g ro w t h m o d el ( eq 2 ) w as fi t t o
t h e exp eri m en t a l d at a i n t h e st eep est U ( VI ) red u c t i o n ran g e
( 0 .9 - 0 .2 m M ) , reg i o n 2 "o f Fi g u re 5 ; fi t t i n g t h e d at a w el l w i t h
an r 2 ) 0 .9 o r b et t er an d y i e l d ed v a l u es fo r k U an d KU . KU

w as fi xed at t h e v a l u es d et erm i n ed fo r h i g h X b ec au se k i n et i c
an a l y si s o f t h e d at a su g g est ed i t w as t h e sam e fo r a l l
exp er i m en t s, i .e . , l ess sc at t er w as o b serv ed at h i g h er c e l l
c o n c en t rat i o n s. St at i st i c a l p a i red t - t est s d em o n st rat ed t h at
th e m o d el v al u es fo r KU fo r al l XÕs w ere n o t fro m a si g n i fi c an t l y
d i fferen t p o p u l at i o n . k U w as fi xed at t h e v a l u es d et erm i n ed
fo r h i g h X b ec au se k i n et i c an a l y si s o f t h e d at a su g g est ed i t
w as asy m p to t i c al l y ap p ro ac h i n g c o n stan t v al u es i n d ep en d en t
o f X w i t h an ap p l i ed l o g ar i t h m i c fi t . Th u s, t h e v a l u e o f k U at
h i g h er X g i v es t h e b est est i m at e o f c o n st an t k U . Fo r t h ese
reaso n s, KU an d k U w ere fi xed fo r fu rt h er m o d el i n g at t h e
av erag e v a l u e o b t a i n ed fro m exp eri m en t s at 1 .3 m g d ry w t /
m l c e l l c o n c en t rat i o n t o l i m i t d eg rees o f freed o m . H o w ev er,
t h e M o n o d n o n g ro w t h m o d el d o es n o t d esc r i b e t h e sl o w er
rat e o f i n i t i a l U ( VI ) rem o v a l . A sec o n d m o d el w as d ev e l o p ed
t o i n c o rp o rat e t h e ap p aren t effec t o f X o n k U as seen fro m
t h e m o d el 1 fi t t o t h e d at a.

FIGURE4. Results of U(VI) reinjection after initial U(VI) amount (1
mM) is 90% reduced. Data points represent the reduction of 1 mM
uranyl acetate withsubsequent reinjectionof 0.2mM uranyl acetate
at t ) 150 min. The model prediction line of eqs 6 and 7 for U(VI)
reduction overlays the experimental data points. For modeling, the
data regionsof peak reductionwere brokendowninto tworegions:
(1) reduction prior to reinjection and (2) reduction after the 0.2 mM
U(VI) reinject. Cell concentration was 0.63 mg dry wt cells/mLwith
an initial lag time of 60 min.

d U
d t

) [- k U U X
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Model 2 . To b et t er d esc r i b e t h e sl o w er i n i t i a l rat e , a sec -
o n d m o d el w as p ro p o sed b ased o n a m o d i fi ed M o n o d
n o n g ro w t h m o d el t h at i n c l u d es t h e p ro d u c t i o n o f a rat e-
l i m i t i n g reac t an t .I t w as assu m ed t h at p r i o r t o t h e o n set o f
o b serv ab l e U ( VI ) red u c t i o n , i .e . , t h e t i m e p eri o d o f d em o n -
st rat ed l ag , an u n kn o w n rat e- l i m i t i n g reac t an t R i s p ro d u c ed
t o a l ev e l t h at t h en al l o w s fo r U ( VI ) red u c t i o n . Lo v l ey et a l .
( 1 9 ) sh o w ed t h at c y t o c h ro m e c3 w as resp o n si b l e fo r U ( VI )
red u c t i o n , b u t o th er c o fac to rs an d en z y m es req u i red fo r U (VI)
red u c t i o n h av e n o t b een d efi n ed . Reac tan t Rc o u l d b e a m etal
b i n d i n g p ro t e i n , a m et a l red u c t ase en z y m e, an i n d u c i b l e
en z y m e n ec essary fo r el ec t ro n t ran sp o rt , a c el l c o n c en t rat i o n
d ep en d en t c o m p o n en t , o r so m e o t h er b i o c h em i c a l c o fac t o r.
At t i m e t e t L n o U red u c t i o n i s i n p ro g ress an d

w h ere U i s t h e u ran i u m c o n c en t rat i o n i n m M , U 0 i s t h e i n i t i a l
U c o n c en t rat i o n i n m M , an d R i s t h e rat e- l i m i t i n g reac t an t
i n m M . At t i m e t > t L

w h ere

w h ere X i s t h e SRB c el l c o n c en t rat i o n i n m g d ry w t / m l , k r

an d k U are rate c o n stan t s ( m axi m u m sp ec i fi c U ( VI ) red u c t i o n
rat e) i n m M U / m i n âm g SRB, Kr an d KU are M o n o d h al f-
sat u rat i o n c o effi c i en t s i n m M U , an d KR i s a M o n o d h al f-
sat u rat i o n c o effi c i en t i n m M R fo r t h e rat e- l i m i t i n g reac t an t ,
R. To fi t t h e m o d el w i t h d et erm i n ed exp eri m en t a l d at a , eq s

4 an d 5 are so l v ed fo r U an d R b y t h e fo l l o w i n g eq u at i o n s

w h ere n t erm s rep resen t d at a at t h e t i m e p o i n t o f i n t erest
an d n + 1 t erm s rep resen t d at a fo r t h e n ext t i m e p o i n t .
M i n i m i z i n g t h e su m o f t h e erro rs sq u ared b et w een exp eri -
m en t a l l y d et erm i n ed U c o n c en t rat i o n s an d p red i c t ed U
c o n c en t rat i o n s fro m eq 6 w i t h t h e M i c ro so ft EXCEL SO LVER
fu n c t i o n ag a i n st t h e t h ree p aram et ers k r, Kr, an d KR w as
c o m p l et ed aft er p rev i o u sl y d et erm i n i n g b est fi t v a l u es fo r k U

an d KU fro m t h e m o d el i n g effo rt w i t h eq 2 . Th i s y i e l d s
si m u l at ed U c o n c en t rat i o n s t h at c an b e c o m p ared w i t h
exp eri m en t a l l y d et erm i n ed c o n c en t rat i o n s.

Th e m o d i fi ed M o n o d m o d el w as ap p l i ed t o a l l exp eri -
m en t a l d at a set s fo r t h e m i xed SRB c u l t u re t o d et erm i n e
i n d i v i d u al exp eri m en tal v al u es fo r th e th ree c o n stan ts d efi n ed
b y t h e m o d el . Th e v a l u es w ere t h en av erag ed an d are sh o w n
i n Tab l e 2 . Fi g u re 6 sh o w s 1 m M U ( VI ) red u c t i o n w i t h h i g h ,
m ed i u m , an d l o w m i xed SRB c el l c o n c en t rat i o n s, w i t h
exp eri m en t a l l y i n d i v i d u a l i n v erse m o d el s i m p o sed o v er t h e
exp eri m en ta l d ata p o i n t s. Stat i st i c a l c o m p ari so n s w ere m ad e
b et w een t h e exp eri m en t a l l y d et erm i n ed d at a an d t h e b est
fi t m o d el d efi n ed b y t h e fi v e c o n st an t s b y u si n g c o effi c i en t s
o f d et erm i n at i o n , r 2 . In 9 0 % o f t h e exp eri m en t s, r 2 w as 0 .9 1
o r b et t er. Fo r t h e p u re SRB c u l t u re, d at a w ere n o t g en erat ed
ac ro ss a ran g e o f c e l l c o n c en t rat i o n s as d o n e w i t h t h e m i xed
SRB c u l tu re. Th e c o m p arab l e ki n et i c v al u es fo r b o th th e m i xed
SRB an d p u re c e l l c u l t u res fo r t h e red u c t i o n o f 1 m M U ( VI )
are si m i l ar as seen i n Tab l e 2 .

Tru ex et a l . ( 8 ) fo u n d t h at M o n o d b ased reac t i o n k i n et i c s
d esc r i b ed u ran i u m red u c t i o n b y t h e Fe( I I I ) red u c i n g b ac -
t er i u m S. a l ga st ra i n BrY w i t h i n i t i a l U ( VI ) c o n c en t rat i o n s

FIGURE 5. Regions of interest on a typical experimental data curve for modeling purposes. Region 1 is the lag time, prior to initiation
of U(VI) reduction. Region 2 is when U(VI) reduction commences and is completed. Region 2" is where modeling of U(VI) reduction is
possible by a nongrowth Monod model between 0.9 and 0.2 mM U(VI).

TABLE 2. Kinetic Values Determined from Experimental Dataa

species kr kU Kr KU KR

mixed culture 0.020 ( 0.002 0.023 ( 0.003 29.7 ( 5.10 0.248 ( 0.075 0.0008 ( 0.0001
D. desulfuricans 0.030 ( 0.0001 0.499 ( 0.0001
a The utilization constant (maximum specific U(VI) reduction rate) kU are in mM U/minámg SRB, kr is a production rate constant for the rate limiting

reactant R in mM U/minámg SRB, while the Monod half-saturation coefficients Kr and KU have units of mM U, and the Monod half-saturation
coefficient for the unknown rate limiting reactant R defined as KR has units in mM R.

d U
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ran g i n g fro m 1 .7 t o 0 .0 1 m M an d a b i o m ass o f 0 .5 5 m g d ry
w t c e l l s/ m L at 2 2 ¡C. A m axi m u m sp ec i fi c U ( VI ) red u c t i o n
rat e o f 2 .3 7 µM U ( VI ) / m g - b i o m ass- h an d a M o n o d h al f-
sat u rat i o n c o n st an t o f 0 .1 3 2 m M U ( VI ) w ere est i m at ed fro m
t h e d at a. Th e M o n o d h al f- sat u rat i o n c o effi c i en t , KU , fo r t h e
m i xed SRB c u l t u re fro m t h i s st u d y , 0 .2 5 m M U ( VI ) , i s si m i l ar
t o t h e h al f- sat u rat i o n c o n st an t fro m Tru ex et a l . ( 8 ) as i s t h e
v a l u e o f 0 .5 m M U ( VI ) fo r t h e D . d esu l fu r i can s i n t h i s st u d y .
In c o n t rast , t h e m axi m u m sp ec i fi c U ( VI ) red u c t i o n rat e, k U ,
fo r t h e m i xed SRB c u l t u re o f 1 .4 ! 1 0 3 µM U / m g SRB- h an d
fo r t h e D . d esu l fu r i can sc u l t u re o f 1 .8 ! 1 0 3 µM U / m g SRB- h r
are 3 o rd ers o f m ag n i t u d e h i g h er t h an t h at o f S. a l ga st ra i n
BrY. Bo t h t h e w i l d - t y p e SRB an d p u re SRB c u l t u res h av e a
fast er U ( VI ) red u c t i o n rat e t h an t h e S. a l ga; t h erefo re, l ess
c o n t ac t t i m e i s req u i red i n b at c h o r i n a c o n t i n u o u s fl o w
sy st em fo r t h e rem o v a l o f U ( VI ) fro m a c o n t am i n at ed w at er.

Lo v l ey an d Ph i l l i p s sh o w ed t h at D . d esu l fu r i can s c o u l d
red u c e an i n i t i a l 1 m M U ( VI ) c o n c en t rat i o n d o w n t o 0 .1 m M
i n 3 - 4 h ( 6 ) w i t h an i n i t i a l b i o m ass c o n c en t rat i o n o f
ap p ro xi m at e l y 0 .2 - 1 .0 m g d ry w t c e l l s/ m L ( 0 .5 m g p ro t e i n /
m g d ry w t c o n v ersi o n assu m ed p er Bai l ey an d O l l i s ( 3 3 ) ) at
3 5 ¡C. A d ec rease i n reac t i o n t em p erat u re o f 3 5 - 2 0 ¡C w o u l d
p ro d u c e at l east a 5 0 % d ec rease i n reac t i o n rat e ( 3 3 ) . Th u s,
at a c o m p arab l e t em p erat u re o f t h i s st u d y , U ( VI ) red u c t i o n
b y D . d esu l fu r i can s( ATCC 2 9 5 7 7 ) w o u l d b e exp ec t ed t o t ake
6 - 8 h . Fo r th e m i xed c u l tu re rep o rted h ere, U (VI) w as red u c ed
fro m 1 t o 0 .1 m M i n ap p ro xi m at e l y 3 0 m i n aft er t h e l ag p h ase
at 2 1 ¡C ( Fi g u re 1 ) . Wh i l e t h e g ro w t h c o n d i t i o n s u sed h ere i n
p ro d u c ed a l ag ; th ey al so resu l t ed i n rap i d k i n et i c s. Ad d i t i o n al
i n v est i g at i o n i n to o p erat i o n c o n d i t i o n s n ec essary to m i n i m i z e
th e l ag fo r c h em o stat g ro w n c el l s i s n eed ed to fu rth er o p t i m i z e
t h i s p ro c ess.

Microscopy. Bl ac k p rec i p i t a t es w ere fo rm ed o v er t h e
exp eri m en t a l t i m e an d w ere u su al l y asso c i at ed w i t h ag -
g reg at es o f b ac t er i a as v i ew ed b y p h ase c o n t rast m i c ro sc o p y
at 1 2 5 0 ! . Th e 2 0 - 5 0 µm i n si z e b ac t er i a / p rec i p i t a t e ag -
g reg at es set t l e q u i c k l y t o t h e b o t t o m o f t h e exp eri m en t a l
fl ask w h en st i rri n g c eases. Fu rth er exam i n at i o n o f th e b ac teri a
an d p rec i p i t a t e b y TEM ( Fi g u re 7 ) sh o w ed t h e red u c ed U b y
t h e h i g h l y e l ec t ro n - o p aq u e reg i o n s o b serv ed i n m u l t i p l e
i m ag es. Th e el ec t ro n d en se m ass o f m at er i a l ap p ears t o b e
asso c i at ed w i t h t h e c e l l s ext rac e l l u l ar l y an d ap p ears t o b e
em an at i n g fro m t h e p eri p l asm i c sp ac e o f t h e SRB c el l s. Th i s

w as a l so o b serv ed b y Go rb y an d Lo v l ey ( 2 5 ) w i t h GS- 1 5
( Geo b act er m et a l i r ed u cen s) an d Lo v l ey an d Ph i l l i p s w i t h
D esu l fo v i b r i o d esu l fu r i can s ( 6 ) . Th e m at er i a l i s am o rp h o u s

FIGURE6. Soluble U(VI) experimental data with inverse model fi tting. Initial U concentration is equal to 1 mM with varying mixed SRB
cell concentration. Data points represent averaged experimental data sets (3); l ines represent model predicted outcomes for those points.
Modeled lines were determined with three (kr, Kr, and KR) of the five constants varying slightly from those reported as each line is fi t
specifically to these points, not averaged. Each data series cell concentration is in mg dry wt cells/mL: (+ ) 1.26, (¼) 0.42, (2 ) 0.29, and
([ ) 0.18. Error bars represent ( standard error.

FIGURE 7. TEM photo of the mixed SRB cell culture after
approximately 4 h exposure to 1 mM uranyl acetate. Cells appear
not to be coated with enzymatically reduced uraninite but rather
to produce an amorphous size uraninite particle emitted from the
cells. Pieces of these flocs can be large and attached to the cells,
as seen in the center; sti l l others can be quite small , broken off,
and disassociated with the cells as seen by the additional
surrounding electron opaque areas. Only the experimental uranyl
acetate concentration produced this image; no additional U was
added as is typically performed with TEM cell preparations. Photo
is taken at approximately 16 000! . The SRB cells themselves are
approximately 1 ! 3 µm.
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an d fi n el y g rai n ed , w i t h n an o m eter si z ed p art i c l es ag g reg ated
t o fo rm m i c ro m et er si z e p art i c l es t h at c an easi l y d i sasso c i at e
fro m t h e c e l l s, as seen b y t h e sm al l ag g reg at es aro u n d t h e
c e l l s.

XPS. X- ray p h o t o e l ec t ro n sp ec t ro sc o p y c an i d en t i fy
v a l en c e st at es o n a su rfac e, d et erm i n e at o m i c rat i o s o f
el em en ts o n th at su rfac e, an d i d en t i fy su rfac e c h em i c al st ates
b ased u p o n c o re l ev e l p eak sh i ft s fro m sp ec t ra o f am o rp h o u s
o r c ry st a l l i n e so l i d s. Wh en c o m b i n ed w i t h sp ec t ra o f kn o w n
c o m p o u n d s, su b st rat es, an d o t h er c o n t ro l sam p l es, t h e
c o m p o si t i o n o f a su rfac e b o u n d sp ec i es an d t h e d o m i n an t
so rp t i o n m ec h an i sm s c an b e d et erm i n ed . Exam i n at i o n o f
t h e b ac t er i a / p rec i p i t a t e m at er i a l b y XPS i n d i c at es t h at t h e
u ran i u m i s p red o m i n an t l y i n t h e fo rm o f t h e m i n era l
u ran i n i t e , U O 2 (S). Fi g u re 8 i s a sp ec t ra l o u t p u t d i sp l ay i n g t h e
d o m i n an t u ran i n i t e reg i o n . Th e U 4 f reg i o n Õs b i n d i n g en erg y
i n eV sh o w s t h at t h e b ac t er i a l l y p ro d u c ed p rec i p i t a t e i s
p red o m i n an t l y c o m p o sed o f U ( IV) as U O 2 , w i t h so m e U ( VI )
p resen t , an d l ess U ( V) . X- ray d i ffrac t i o n an al y si s h as p rev i -
o u sl y i d en t i fi ed U ( IV) as u ran i n i t e fo l l o w i n g t h e en z y m at i c
red u c t i o n o f U ( VI ) b y SRB ( 6 ) . Fran c i s et a l . ( 3 0 ) o b serv ed
U ( VI ) , U ( V) , an d U ( IV) ext rac e l l u l ar l y i n a Cl o st r i d i u m sp .
w i t h XPS an d t h e p o ssi b l e o b serv an c e o f a l i t t l e d esc r i b ed
sp ec i es o f U , U ( II I ) , exi st i n g i n t rac el l u l arl y u si n g a sy n c h ro t ro n
so u rc e an d X- ray an al y z ed n ear- ed g e sp ec t ro sc o p y , XAN ES.

Other Results. Th e m i xed c u l t u re o f SRB c el l s u sed fo r
t h i s st u d y i s d o m i n at ed b y a Gram n eg at i v e m o t i l e ro d , w i t h
t h e o c c asi o n a l p resen c e o f a Gram p o si t i v e c o c c u s. In i t i a l l y ,
t h e c e l l s ap p ear as sm al l ro d s, " 0 .5 ! 1 .0 µm , an d t h en
p ro g ress t o a l o n g er, c u rv ed , o r sp i re l l a ap p earan c e " 1 .0 !
3 .0 µm v i b r i o sh ap e. An ac t i v e l y g ro w i n g c u l t u re w as

d o m i n at ed b y a l arg e n u m b er o f m o t i l e c e l l s. At t em p t s t o
g ro w t h e m i xed SRB u n d er an aero b i c c o n d i t i o n i n a CSTR
w i t h u ran y l ac et at e as t h e so l e e l ec t ro n ac c ep t o r w ere
u n su c c essfu l . Lo v l ey an d Ph i l l i p s fo u n d th at D . d esu l fu r i can s
( ATCC 2 9 5 7 7 ) w o u l d n o t g ro w o n U ( VI ) ( 6 ) . Ki n et i c exp eri -
m en t s w ere c arr i ed o u t i n p o l y c arb o n at e sep t u m fl asks aft er
fi n d i n g t h at 1 5 % o f t h e U ( VI ) so rb ed t o t h e w al l s o f g l ass
sep t u m fl asks aft er 4 h o f c o n t ac t . Po l y c arb o n at e so rp t i o n o f
U ( VI ) w as fo u n d t o b e 4 % o v er t h e sam e t i m e p eri o d .

Implicationsof ThisResearch. ( 1 ) Th e ki n et i c p aram eters
d ev e l o p ed h ere i n c an b e u sed t o d esi g n U ( VI ) red u c i n g
b i o reac t o rs su c h as seq u en c i n g b at c h reac t o rs, su b m erg ed
p ac ked c o l u m n s, o r c o n t i n u o u sl y st i rred tan k reac to rs. Issu es
o f c e l l sep arat i o n fro m g ro w t h m ed i a , c arry o v er o f g ro w t h
m ed i a t o t h e U ( VI ) red u c i n g b i o reac t o r, an d c e l l / p rec i p i t a t e
sep arat i o n h av e n o t b een ad d ressed . Fu rt h er i n v est i g at i o n
t o i n t eg rat e a U ( VI ) red u c i n g b i o reac t o r i n t o a c o m p l et e
t reat m en t t ra i n i s n eed ed . ( 2 ) U ( VI ) red u c t i o n an d l ag t i m e
are b o t h fu n c t i o n s o f c e l l c o n c en t rat i o n . Wh i l e h i g h c e l l
c o n c en t rat i o n ap p ears to m i t i g ate th e l ag effec t , ec o n o m i c al l y
ac h i ev i n g h i g h c e l l c o n c en t rat i o n i n a U ( VI ) red u c i n g
b i o reac t o r i s an i ssu e. Fu rt h er i n v est i g at i o n i s d esi rab l e t o
o p t i m i z e t h e c o n t i n u o u s g ro w t h o f SRB t o m i n i m i z e t h e l ag
t i m e. ( 3 ) Bo t h t h e g ro w t h o f t w o c u l t u res o f SRB t est ed an d
U ( VI ) red u c t i o n an d p rec i p i t a t i o n c an b e c arr i ed o u t at ro o m
t em p erat u re. Th e p o t en t i a l fo r o p erat i o n at l o w er t em p er-
at u res ap p ears p o ssi b l e as i n c reased c e l l m ass w as o b serv ed
i n t h e m i xed SRB c u l t u res st o red at 4 ¡C. Fu rt h er k i n et i c
an a l y si s at t em p erat u res l ess t h an 2 0 ¡C i s n eed ed as m i n e
an d g ro u n d w at ers m ay h av e t em p erat u res i n t h e 5 - 1 5 ¡C
ran g e. ( 4 ) Sel ec t i n g an SRB c u l t u re, e i t h er w i l d - t y p e o r p u re,
o v er o t h er b ac t er i a l g en era m ay b e k i n et i c a l l y fav o rab l e fo r
t h e rem o v a l o f u ran i u m fro m c o n t am i n at ed w at ers as
i n d i c at ed b y t h e c o m p ari so n w i t h t h e n at u ra l i ro n red u c er
S. a l ga ( 8 ) . ( 5 ) Pro l o n g ed exp o su re o f t h i s w i l d - t y p e SRB
c u l t u re t o U ( VI ) c o n c en t rat i o n s as h i g h as 1 m M ap p ear t o
h av e n o t o xi c effec t o n t h e c e l l s as o b serv ed b y c o n t i n u o u s
m o t i l i t y o f t h e c e l l s b efo re, d u r i n g , an d aft er exp o su re t o
u ran i u m . Lo v l ey an d Ph i l l i p s o b serv ed n o t o xi c i t y at c o n -
c en t rat i o n s as h i g h as 5 m M U ( 6 ) . Fu rth er stu d i es c an em p l o y
t h i s m i xed SRB c u l t u re i n c o n ju n c t i o n w i t h n at u ra l l y o c -
c u rr i n g U c o n t a i n i n g w at ers o r b i c arb o n at e l y p ro c essed U
c o n t a i n i n g so i l ext rac t an t s t o o b serv e t o w h at ext en t U
rem o v a l i s p o ssi b l e as rep o rt ed fo r a p u re c u l t u re o f
D esu l fo v i b r i o d esu l fu r i can s ( 3 4 , 3 5 ) . ( 6 ) Th e p aram et ers
d et erm i n ed fi rst u si n g m o d el 1 b ei n g fi xed an d ap p l i ed i n
m o d el 2 al l o w fo r th e th o ro u g h ev al u at i o n o f th e b i o red u c t i o n
o f U ( VI ) b y t w o sep arat e SRB c el l c u l t u res, h ere i n , w h i c h
m ay b e ap p l i ed t o o th er SRB c u l t u res as w el l as o th er c u l t u res
an d / o r p ro c esses d em o n st rat i n g a l ag t i m e.
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