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Removal of Selenate in River and Drainage Waters by
Citrobacter braakii Enhanced with Zero-Valent Iron
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A cost-effective remediation method is needed to remove selenium (Se) from Se-contaminated water.
In this study, a selenate [Se(VI)]-reducing bacterium, Citrobacter braakii, that is capable of using
molasses as a carbon source to reduce Se(VI) from natural river and drainage waters was isolated.
During an 8-day experiment, 87—97% of the added Se(VI) in New River water and White River water,
California, was reduced to elemental Se [Se(0)] or transformed to organic Se. In highly saline drainage
water, removal of Se(VI) by C. braakii was limited, with 20% Se(VI) removal in a 7-day experiment.
Addition of zero-valent iron (ZVI) into these waters along with C. braakii inoculation significantly
enhanced the removal of Se(VI) and reduced the formation of organic Se. This study suggests that
the combination of a bacterial treatment using inexpensive molasses and ZVI can effectively remove
Se from natural river water and agricultural drainage waters.
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INTRODUCTION at a wholesale price of $6€20/ton (1), which is much cheaper
than the chemicals mentioned above. Therefore, molasses could
be a cost-effective organic carbon source that can be used by
%e(VI)-reducing bacteria to reduce Se(VI) to Se(0).
Zero-valent iron (ZVI) is an inexpensive and moderately
strong reducing agent. It has been used to remove many common
environmental contaminants, such as As, Cr(VI), U(VI),NO
. . . ) and Se(VI) (14—18). zVI has also been used in bacteria
tion to the atmosphereZ(—G)_ and by microbial reduction of treatment systems to enhance the degradation of Cr(VI} NO
soluble selenate [Se(VI)] to insoluble elemental Se [Se{®})] ( TCE, PCE, and RDX ¥9—23). The addition of ZVI to a

11). .Although somelof lthese technologles havg been tested Npiotreatment system in the removal of Se from Se-contaminated

the field, the goal of finding a practical, cost-effective technology

for treating Se-contaminated water has not yet been ac- water has not yet been tested,

com Iisheg y In this study, we have isolated a Se(VI)-reducing bacterium
P o ) from a field rice straw treatment system (communications with

~ Many bacteria are capable of reducing soluble Se(Vl) 1o c5i5 Scheidlinger, Broadview Water District, California) used

insoluble Se(0), includingulfurodpirillum barnesiiiEntero- 4, \amove Se from agricultural drainage water. This bacterium

bacter cloacaeThauera selenatis=nterobacter taylorae, and jjizes molasses while reducing Se(VI) in natural river water

Citerobacter freundi(7—11). For efficient reduction of Se(Vl) 5,4 drainage water in a series of the batch experiments. The
to Se(0), Se(VI)-reducing bacteria use electron donors such as,nhancement of the removal of Se(VI) by the addition of ZVI
acetate, lactate, and glucose as sources of carbon/energyf 5 aiso been studied.

electrons T—11). The high cost of these chemicals makes them
less practical for remediating Se-contaminated water under field
conditions (7). There is a need to search for an effective and
inexpensive organic carbon source that bacteria can use to reduce Materials. Natural water used in this study included both river water

Removal of selenium (Se) from Se-contaminated agricultural
drainage water has been studied for the past 20 years since th
discovery of irrigation-induced Se poisoning of waterfowj). (
These studies mainly include physieghemical removal of Se
by zero-valent iron filings, ferrous hydroxides, ion exchange,
reverse osmosid), and biological removal of Se by volatiliza-

MATERIALS AND METHODS

soluble Se(VI) to insoluble Se(0). and agricultural drainage water collected from the New River, White
Molasses has been used as a cost-effective oraanic carborll_q'ver* and the western San Joaquin Valley, Cahform_a._ The conpentra—
source to reduce Cr(VI) to Cr(lll) and NOto NH,* (:?2 13). tions of total Se, N@-N, and PQ*~-P, pH, Eh, and salinity (electrical

conductivity) in these waters are presentedale 1. All of the waters

"were passed through a/&m filter (VWR, Bristol, CT) to remove
detritus prior to use. N&eQ (Sigma, St. Louis, MO) standard solution

* Corresponding author [telephone (951) 827-5218; fax (951) 827-3993; [Se(VI), 10000 mg/L] was passed through a sterile/2membrane
e-mail william.frankenberger@ucr.edul]. filter prior to its addition to river water. ZVI (4860 mesh) was obtained

Molasses can be obtained in the San Joaquin Valley, California
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Figure 1. Neighbor-joining phylogenetic tree of C. braakii identified by 16S rDNA sequence analysis.

Table 1. Redox Potential (Eh), pH, Electrical Conductivity (EC), and
Concentrations of Se, NO3™-N, and PO,*~-P in River and Agricultural
Drainage Waters

NO;~-N  POg2~-P EC
water Se (ugll)  (mg/L) (mglL) pH  (dS/m) Eh(V)
New River 3.2 74 0.43 7.88 2.28 0.438
White River 2.3 23.36 0.55 8.24 193  0.3%
drainage 3382 34.07 0.07 7.37 17.26 0.412

20nly Se(VI) in drainage water.

SO2~ and CI was 8.33 dS/m. Other experimental conditions were
the same as in the experiments using river water described above.

Removal of Se(VI) in Agricultural Drainage Water. In this
experiment, nonsterile natural agricultural drainage water was treated
with molasses to provide a final concentration of 0.1%. The Se
concentration (33&g/L of Se) in the drainage water was determined
before the experiment. Molasses-fortified drainage water (200 mL)
without the addition of Se(VI) was added to each 250 mL Erlenmeyer
flask. The four different variables used in this experiment were the
same as in the experiments using river water described above. The flasks
were capped with sterile stoppers and incubated under a static condition
at room temperature (21C). The experiment was run in triplicate for

from Peerless (Peerless Metal Powers and Abrasive, Detroit, MI) and / d2Ys: The drainage water samples were collected at days 0, 1, 2, 3,

was used as received. The surface area of the ZVI particles was 1.635'

m?/g, which was determined by a BET surface area analyzer (Mi-
cromeritics ASAP 2010).

Isolation of the Se(VI)-Reducing Bacterium.The water sample
used to isolate the Se(VI)-reducing bacterium was collected from a
field rice straw treatment system used to remove Se from agricultural
drainage water in the San Joaquin Valley, California. An aliquot of
the treated water was spread onto tryptic soy agar (TSA; Difco, Detroit,
MI) plates containing 50 mg/L of Se(VI). Plates were incubated at 30
°C for 48 h when some colonies with red Se(0) precipitates were

and 7 for analysis of Se species.

Analysis. Selenium species in the water samples were determined
using a method developed by Zhang and Frankenbe2§@r Directly
measured Se species included total soluble Se, Se(IV), and Se(IV) plus
organic Se [organic Se(—Il) plus organically bound Se). Se(VI),
removed Se [Se(0) and/or Se adsorbed to ZVI and iron oxyhydroxides],
and organic Se were determined by the difference method. Se
concentrations in all of the prepared solutions were analyzed by hydride
generation atomic absorption spectrometry (HGAAS) (26).

The rate constant for the removal of Se(VI) By braakii in the

observed on the TSA plates. The red colonies were restreaked on TSAWAErs was calculated using a simple first-order kinetics equation: d[Se-

plates with and without Se(VI) to ensure that the red color of the
colonies was not due to a bacterial pigment. One pure bacterial isolate
was identified a€itrobacter braakiiby analysis of the 16S rRNA gene
sequence (MIDI Labs, Newark, DE) (Figure 1).

Removal of Se(VI) in Natural River Water. To examine whether
the Se(VI)-reducing bacteriun®. braakii could reduce Se(VI) in

different natural waters supplemented with molasses and whether the

addition of ZVI into these waters would enhance the removal of Se-
(VI) by C. braakii, a series of batch experiments were conducfed.
braakii was pregrown in a 1% tryptic soy broth (TSB; Difco) solution
and incubated (36C) overnight. The solution was then centrifuged at
5000 rpm for 20 min. To remove the TSB residu€s,braakii cells
were washed three times with 30 mL of sterile natural water by

give an OB range of 0.59-0.62 for the experiments described below.
In the experiment, 200 mL of nonsterile river water containing 0.1%

of molasses was added to each 250 mL Erlenmeyer flask. The flasks

were spiked with Se(VI) to provide a final concentration of 10@?

L. Four different variables were tested in the experiment including (i)

a control without the addition of washegl braakii cell suspension,

(ii) the addition of 1 mL of washe@. braakiicell suspension, (iii) the

addition of 1 g of 46-60 mesh ZVI, and (iv) the addition of 1 mL of

washedC. braakii cell suspension ahl g of 46-60 mesh ZVI. The

(Vh)/dt = —Kk[Se(VI)], wherek is the rate constant of Se(VI) removal.
Se(VI) data that were close to zero were not used because these data
were not in a linear range in the rate constant calculation.

RESULTS

Removal of Se(VI) from River Water. The removal of Se-
(VI) in river water during an 8 day experiment is illustrated in
Figures 2 and 3. Se(VI) showed little change in the water
without the addition ofC. braakiiand decreased rapidly from
1000 to 13.8 and 103g/L in New River water and White River
water inoculated wittC. braakii, respectively. On the final day
of the experiment, Se(lV), Se(0), and organic Se concentrations

Yvere 12.3, 874, and 99/80/L in New River water and 25.6,

700, and 17Lg/L in White River water, respectively. Addition
of ZVI into the water inoculated witlC. braakii significantly
increased the removal of Se(VI) from the water. Se(VI) dropped
rapidly from 1000 to 6.1—8.4g/L in both river waters during
the first 3 days of the experiment. On the final day of the
experiment, only organic Se existed in the water at a level of
21.2—23.8ug/L. In contrast, the removal of Se(VI) slowed in

the water supplemented with only ZVI. About 42Q/L of the

flasks were capped with sterile stoppers and incubated under a staticyqged Se(VI) was removed in 8 days, with no soluble Se(1V)

condition at room temperature (2C). The experiment was run in
triplicate for 8 days. The river water samples were collected at days O,
1, 2, 3, 4, 6, and 8 for analysis of Se species. To examine whether
elevated SGF~ and CI-, dominant anions in agricultural drainage water
(24), affected the removal of Se(VI), a batch experiment was conducted
with White River water fortified with 30 mM concentrations of $O

and CI. The EC value of the White River water with the addition of

or organic Se in either river water.

The removal of Se(VI) in White River water to which 30
mM concentrations of S~ and CI had been added is
presented irFigure 4. During an 8 day experiment, Se(VI)
showed little change in this water without the addition(f
braakii. In comparison to the same river water without the
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Figure 3. Removal of Se from White River water containing 0.1% of Time (days) Time (days)

molasses under four conditions: (i) control (without the addition of washed
C. braackii cell suspension); (ii) addition of 1 mL of washed C. braakii cell
suspension; (i) addition of 1 g of 40—-60 mesh ZVI; (iv) addition of 1 mL
of washed C. braakii cell suspension and 1 g of 40—-60 mesh ZVI. Error
bars indicate one standard deviation (n = 3).

@, Total soluble Se; A, Se(V); @, Se(IV); B, removed Se; and ¥, organic Se.

Figure 5. Removal of Se from highly saline agricultural drainage water

containing 0.1% of molasses under four conditions: (i) control (without

the addition of washed C. braakii cell suspension); (ii) addition of 1 mL

of washed C. braakii cell suspension; (iii) addition of 1 g of 40-60 mesh

ZVI; (iv) addition of 1 mL of washed C. braakii cell suspension and 1 g

addition of 30 mM S@?~ and CI described above, removal  of 40-60 mesh ZVI. Error bars indicate one standard deviation (n = 3).

of Se(VI) was slowed in this water inoculated with braakii,

with a decrease from 1000 to 3x@/L. On the final day of the

experiment, Se(1V), Se(0), and organic Se concentrations werel7.3 dS/m) containing 0.1% molasses is presentédgare 5.

25.6, 492, and 16&g/L in this river water. Addition of ZVI During a 7 day experiment, Se(VI) changed little in the drainage

into the water inoculated witE. braakiisignificantly increased ~ water without addition o€. braakiiand decreased slightly from

the removal of Se(VI) from the water. Se(VI) decreased rapidly 338 to 281ug/L in the drainage water to whid@. braakii had

from 1000 to 36.4g/L in the water during the first 3 days of ~ been added, with a low level of Se(IV) (6@/L) and organic

the experiment. On the final day of the experiment, only organic Se (14.3ug/L) at the final day of the experiment. Addition of

Se existed in the water, at a low level of 22@L. In contrast, ZVI into the drainage water inoculated witk. braakii

Se(VI) decreased from 100@g/L to 706 ug/L in the water significantly enhanced the removal of Se(VI). Se(VI) dropped

amended with only ZVI during the 8 day experiment, with no rapidly from 338 to 32.«g/L in 7 days. In contrast, Se(VI)

soluble Se(lV) and organic Se in the water. decreased from 338g/L to 293ug/L in the drainage water to
Removal of Se(VI) from Highly Saline Drainage Water. which only ZVI had been added, with no soluble Se(IV) and

Removal of Se(VI) from a highly saline drainage water (EC, organic Se in the water.
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4 New River water; ®, White River water; A, White
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and Cl; and ™, agricultural drainage water
Figure 6. First-order kinetics of Se(VI) removal from river and drainage
waters by C. braakii.

DISCUSSION

Bacterial reduction of Se(VI) to Se(0) is a useful remediation
technique for removing Se from Se-contaminated water. In
aquatic systems, bacteria often need specific organic material
as a carbon, energy, and electron souitel(1) to reduce Se-
(VI). In this study,C. braakiiwas capable of using inexpensive

molasses to reduce Se(VI) to Se(0), with a rate constant of Se-

(VI) removal at 0.797 h! in New River water and 0.301°R

in White River water (Figure 6). At the end of the experiment,
98.6 and 89.7% of the added Se(VI) was removed from New
River water and White River water, respectively. In contrast
Se(VI) was not removed in the river water without inoculation
of the Se(VI)-reducing bacteriung. braakii.

The relatively lower removal rate of Se(VI) in the White River
water compared to that in the New River water might be
attributed to the relatively greater NOcontent in White River
water (Table 1). N@  has been reported as a competitive
electron acceptor during Se(VI) reduction to Se(0) in aquatic
systems (2728). In a study on the bacterial reduction of NO
and Se(VI), Steinberg et al27) reported that N& reduction

by an anaerobic, freshwater enrichment preceded Se(VI) reduc-

tion in an anaerobic medium with equal amounts of Se(VI) and
NOs;~ of 20 mM. Fuijita et al. 28) reported that Se(VI) reduction
by Bacillussp. SF-1 in a basal medium with 1 mM Se(VI) was
completely inhibited when 20 mM N was added to the
medium.

The increased salt contents in the White River water affected
Se(VI) removal byC. braakii. The rate constant of Se(VI)
removal decreased to 0.147™(Figure 6) in the White River
water to which 30 mM concentrations of $O and CI~ (8.33

dS/m) had been added. In the highly saline drainage water (17.3

dS/m) collected from the western San Joaquin Valley, California
removal of Se(VI) byC. braakiiwas limited, with 17% Se(VI)
removal in a 7 day experiment. The salt effect on Se(VI)
reduction was also observed by Zehr and Oreml&8), (who
reported that the rate of Se(VI) reduction with washed cell
suspension dDesulfaibrio desulfuricansvas reduced with an
increased S@.

ZVI as an inexpensive and moderately strong reducing agent
has been used to remove Se(VI) from water through reductive
and adsorptive processes during its corrosion to iron oxyhy-
droxides (1830, 31). For example, green rust, one of the iron
oxyhydroxides, can serve as a reducing agent to abiotically
reduce Se(VI) to Se(lV) and Se(0) (323). Ferrihydrite and

goethite are strong adsorbents that can be used to effectively @)

remove Se(lV) from water 34, 35). In the present study,
addition of a small amount of ZVI removed Se from the river
and drainage waters without the inoculatior®fbraakii, with
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Se removal percentages of 42.9, 41.6, 29.4, and 13.3 in the New
River, White River, White River with the addition of 30 mM
concentrations of S&~ and CI, and the saline drainage waters,
respectively. Removal of Se(VI) appeared to be negatively
related to the salt content in the water. In our previous study
on the removal of Se(VI) in the presence of various concentra-
tions of CI, SO2~, NO3~, HCO;~, and PQ®~, we have
reported that the removal rate of Se(VI) declined with an
increase of each anion concentration in solutib)(

Addition of ZVI into the river and drainage waters inoculated
with C. braakiienhanced the removal of Se(VI). Combination
of bacterial Se(VI) reduction with Se removal by ZVI almost
completely removed all of Se(VI) in these waters during a period
of 7—8 days. The benefits of adding ZVI into a biotreatment
system might be that ZVI can rapidly remove dissolvedZF-¢
+ 2H,0 + O, = 2F&" 4+ 40H"). Rapid removal of dissolved
O, supports an anaerobic environment, thus enhancing rapid
reduction of Se(VI) to Se(IV) and then to Se(0) By braakii.
Adsorption of Se(IV) to iron oxyhydroxides formed from ZVI
corrosion also enhances the removal of Se. Some researchers

“have reported that Heleased from ZVI corrosion (Be- 2H,0

= Fe&#™ 4+ 20H" + H,) stimulates anaerobic bioremediation by
serving as electron donot$—-23). In this study, it is not known
whetherC. braakii can use Has electron donor to reduce Se-
(V).

Formation of organic Se is a concern during the removal of
Se(VI) by Se(VI)-reducing bacteria due to the much higher
bioavailability of organic Se compared with inorganic Se(VI)
and Se(lV) 86). In this study, 16-17.1% of the added Se(VI)
in river waters and 4% in drainage water were transformed to
organic Se byC. braakiiduring a period of 7-8 days. Addition
of ZVI to the river waters inoculated witl. braakii not only
enhanced Se(VI) removal but also significantly reduced the
formation of organic Se to a low level of 2% of the added Se.
However, organic Se was slightly high in drainage water
augmented with both ZVI andC. braakii during a 7 day
experiment, with 85% removal of the total Se.

Agriculture productivity in the San Joaquin Valley, California,
generates high-Se drainage water, which has a concentration
range of 140—140@g/L in many areas of the valley (37). In
the Salton Sea region, elevated Se is in the range—&08
ug/L in the subsurface drainwatedg). This study suggests that
a bacterial treatment system using both inexpensive molasses
and ZVI can effectively remove Se from natural river water
and agricultural drainage water. One major concern in the use
of C. braakiifor the removal of Se from Se-contaminated water
is thatC. braakiican transform inorganic Se to organic Se when
molasses is added to water. A further study to screen Se(VI)-
reducing bacteria that can use molasses as a carbon source to
effectively reduce Se(VI) to Se(0), with little production of
organic Se, is ongoing.

LITERATURE CITED

(1) Quinn, N. W. T.; Lundquist, T. J.; Green, F. B.; Zarate, M. A.;
Oswald, W. J.; Leighton, T. Algal-bacterial treatment facility
removes selenium from drainage wat€alif. Agric. 2000,54,
50—56.

Fan, T. W.-M.; Higashi, R. M.; Lane, A. N. Biotransformation
of selenium oxyanion by filamentous cyanophyte-dominated mat
cultured from agricultural drainage wateEswiron. Sci. Technol
1998,32, 3185—3193.

Lin, Z. Q.; Terry, N. Selenium removal by constructed wet-
lands: quantitative importance of biological volatilization in the
treatment of selenium-laden agricultural drainage watesiron.
Sci. Technol2003,32, 3185—3193.

@)



156  J. Agric. Food Chem., Vol. 54, No. 1, 2006

(4) Terry, N.; Zayed, A. M. Selenium volatilization by plants. In
Selenium in the Exironment; Frankenberger, W. T., Jr., Benson,
S., Eds.; Dekker: New York, 1995; pp 34367.

(5) Thompson-Eagle, E. T.; Frankenberger, W. T., Jr. Volatilization
of selenium from agricultural evaporation pond wagerErviron.
Qual. 1990,19, 125—131.

(6) Zhang, Y. Q.; Moore, J. N. Environmental conditions controlling

selenium volatilization from a wetland systeffanwiron. Sci.

Technol.1997,31, 511—-517.

Cantafio, A. W.; Hagen, K. D.; Lewis, G. E.; Bledsoe, T. L.;

Nunan, K. M.; Macy, J. M. Pilot-scale selenium bioremediation

of San Joaquin drainage water with Thauera selenAfpgl.

Environ. Microbiol. 1996,62, 3298—3303.

Losi, M. E.; Frankenberger, W. T., Jr. Reduction of selenium

oxyanions byEnterobacter cloacastrain SLDaa-1: Isolation

and growth of the bacterium and its expulsion of selenium

particles.Appl. Environ. Microbiol.1997,63, 3079—3084.

Oremland, R. S.; Blum, J. S.; Bindi, A. B.; Dowdle, P. R.; Herbel,

M.; Stolz, J. F. Simultaneous reduction of nitrate and selenate

by cell suspensions of selenium-respiring bactéyapl. Endron.

Microbiol. 1999, 65, 4385—4392.

Zahir, A. Z.; Zhang, Y. Q.; Frankenberger, W. T., Jr. Fate of

selenate metabolized ynterobacter tayloraeJ. Agric. Food

Chem.2003,51, 3609—3613.

(11) Zhang, Y. Q.; Siddique, T.; Wang, J.; Frankenberger, W. T., Jr.
Selenate reduction in water giterobacter freundiisolated from
a selenium-contaminated sedimehtAgric. Food Chem2004,

52, 1594—1600.

(12) Oliver, D. S.; Brockman, F. J.; Bowman, R. S.; Kieft, T. L.
Microbial reduction of hexavalent chromium under vadose zone
conditions.J. Environ. Qual.2003,32, 317—324.

(13) Percheron, G.; Michaud, S.; Bernet, N.; Moletta, R. Nitrate and
nitrite reduction of a sulphite-rich environmeni. Chem.
Technol. Biotechnol1998,72, 213—220.

(14) Alowitz, M. J.; Scherer, M. M. Kinetics of nitrate, nitrite, and
Cr(VI) reduction by iron metalEnviron. Sci. Technol2002,

36, 299—306.

(15) Farrell, J.; Bostick, W. D.; Jarabek, R. J.; Fiedor, J. N. Uranium
removal from ground water using zero valent iron meGieound
Water1999,37, 618—624.

(16) Powell, R. M.; Puls, R. W.; Hightower, S. K.; Sabatini, D. A.
Coupled iron corrosion and chromate reduction: mechanisms
for subsurface remediatiorenviron. Sci. Technol1995, 29,
1913—-1922.

(17) Qiu, S. R.; Lai, H. F.; Roberson, M. J.; Hunt, M. L.; Amrhein,
C.; Giancarlo, L. C.; Flynn, G. W.; Yarmoff, J. A. Removal of
contaminants from aqueous solution by reaction with iron
surface.Langmuir2000,16, 2230—2236.

(18) Zhang, Y. Q.; Wang, J.; Amrhein, C.; Frankenberger, W. T., Jr.
Removal of selenate from water by zero valent irdrEnviron.
Qual. 2005, 34, 487—495.

(19) Dejournett, T. D.; Alvarez, P. J. Combined microbial-Fe(0)
treatment system to remove nitrate from contaminated ground-
water.Biorem. J.2000,4, 149—154.

(20) Gandhi, S.; Oh, B. T.; Schnoor, J. L.; Alvarez, P. J. Degradation
of TCE, Cr(VI), sulfate, and nitrate mixtures by granular iron
in flow-through columns under different microbial conditions.
Chemospher@002,36, 1973—1982.

(21) Lee, T.; Tokunaga, T.; Suyama, A.; Furukawa, K. Efficient
dechlorination of tetrachloroethylene in soil slurry by combined
use of an anaerobBesulfitobacteriunsp. strain Y-51 and zero-
valent iron.J. Biosci. Bioeng2001,92, 453—458.

(22) Oh, B. T.; Alvarez, P. J. Removal of explosives using an
integrated iron-microbial treatment in flow-through columns.
Bull. Environ. Contam. Toxicol2004,73, 1-8.

™)

®)

©)

(10)

Zhang and Frankenberger

(23) Rosenthal, H.; Adrian, L.; Steiof, M. Dechlorination of PCE in
the presence of Benhanced by a mixed culture containing two
Dehalococcoidestrains.Chemospher@004,55, 661—669.
Oswald, W. J.; Chen, P. H.; Gerhardt, M. B.; Green, B. F;
Nurdogan, Y.; Von Hippel, D. F.; Newman, R. D.; Chown, L.;
Tam, C. S. The role of microalgae in removal of selenate from
subsurface tile drainage. Biotreatment of Agricultural Waste-
water; Huntley, M. E., Eds.; CRC Press: Boca Raton, FL, 1989;
pp 131—141.

Zhang, Y. Q.; Frankenberger, W. T., Jr. Characterization of

selenate removal from drainage water utilizing rice strdw.

Environ. Qual.2003,32, 441—446.

Zhang, Y. Q.; Moore, J. N.; Frankenberger, W. T., Jr. Speciation

of soluble selenium in agricultural drainage waters and aqueous

soil-sediment extracts using hydride generation atomic absorption

spectrometryEnwiron. Sci. Technol1999,33, 1652—1656.

Steinberg, N. A.; Blum, J. S.; Hochstein, L.; Oremland, R. S.

Nitrate is a preferred electron acceptor for growth of freshwater

selenate-respiring bacteri@ppl. Environ. Microbiol.1992,58,

426—428.

Fujita, M.; Ike, M.; Nishimoto, S.; Takahashi, K.; Kashiwa, M.

Isolation and characterization of a novel selenate-reducing

bacteriumBacillussp. SF-1J. Ferment. Bioendl997, 83, 517—

522.

(29) Zehr, J. P.; Oremland, R. S. Reduction of selenate to selenide
by sulfate-respiring bacteria: experiments with cell suspensions
and estuarine sediment&ppl. Environ. Microbiol. 1987, 53,
1365—13609.

(30) Murphy, A. P. Removal of selenate from water by chemical
reduction.Ind. Eng. Chem. Re4988,27, 187—191.

(31) Zingaro, R. A.; Dufner, D. C.; Murphy, A. P.; Moody, C. D.
Reduction of oxoselenium anions by iron(ll) hydroxi@wiron.

Int. 1997,23, 299—304.

(32) Myneni, S. C. B.; Tokunaga, T. K.; Brown, Jr., G. E. Abiotic
selenium redox transformation in the presence of Fe(lllll)
oxides.Sciencel997,278, 1106—1109.

(33) Refait, P.; Simon, L.; Fenin, J. M. R. Reduction of g&Q@nions
and anoxic formation of iron(ltyiron(lll) hydroxy-selenate green
rust. Environ. Sci. Technol2000,34, 819—825.

(34) Balistrieri, L. S.; Chao, T. T. Selenium adsorption by geothite.
Soil Sci. Soc. Am. 1987,51, 1145—-1151.

(35) Balistrieri, L. S.; Chao, T. T. Adsorption of selenium by
amorphous iron oxyhydroxides and manganese dio@géechim.
Cosmochim. Actd990,54, 739—751.

(36) Amweg, E. L.; Stuart, D. L.; Weston, D. P. Comparative
bioavailability of selenium to aquatic organisms after biological
treatment of agricultural drainage watéquat. Toxicol.2003,

63, 13-25.

(37) Sylvester, M. A. Overview of the salt and agricultural drainage
problem in the western San Joaquin Valley, Califorr@zol.
Sure. Circ. (U.S.)1990,No. 1033c, ppl119—124.

(38) Setmire, J. G.; Schroeder, R. A. Selenium and salinity concerns
in the Salton Sea area of California.Emvironmental Chemistry
of Selenium; Frankenberger, W. T., Jr., Engberg, R. A., Eds.;
Dekker: New York, 1998; pp 205—221.

(24)

(25)

(26)

27)

(28)

Received for review July 8, 2005. Revised manuscript received October
26, 2005. Accepted October 31, 2005. This research was funded by the
University of California Salinity and Drainage Program.

JF0581240



