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Microcosm tests with uranium contaminated sediments were performed to explore the feasibility of using
oleate as a slow-release electron donor for U(VI) reduction in comparison to ethanol. Oleate degradation
proceeded more slowly than ethanol with acetate produced as an intermediate for both electron donors
under a range of initial sulfate concentrations. A kinetic microbial reduction model was developed and
implemented to describe and compare the reduction of sulfate and U(VI) with oleate or ethanol. The
reaction path model considers detailed oleate/ethanol degradation and the production and consumption
of intermediates, acetate and hydrogen. Although significant assumptions are made, the model tracked
the major trend of sulfate and U(VI) reduction and describes the successive production and consumption
of acetate, concurrent with microbial reduction of aqueous sulfate and U(VI) species. The model results
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Acetate imply that the overall rate of U(VI) bioreduction is influenced by both the degradation rate of organic
Hydrogen substrates and consumption rate of intermediate products.
Simulate © 2010 Elsevier B.V. All rights reserved.

1. Introduction

In situ anaerobic bioremediation has been used for the remedia-
tion of a variety of subsurface contaminants including chlorinated
aliphatic hydrocarbons, perchlorate, chromate and radionuclides
such as uranium [1,2]. Microbial reduction of soluble uranium (VI)
to sparingly soluble and immobile U(IV) is one promising strat-
egy to limit subsurface uranium migration [3]. The process is often
mediated by iron-reducing bacteria (FeRB), sulfate-reducing bacte-
ria (SRB), and a diverse range of other bacteria able to convert U(VI)
to U(IV) species or uraninite or UO,(s) in the presence of electron
donor sources [4]. Various fast-degrading electron donor sources
have been tested for U(VI) reduction in contaminated sediments
in situ, including ethanol, acetate and glucose [5-8]. Using weekly
ethanol injection, uranium concentrations below US EPA drink-
ing water standard (<0.03 mg/l) were achieved and maintained
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in a highly contaminated area at the US DOE Oak Ridge site [7].
Relatively rapid U(VI) attenuation was observed associated with
ethanol degradation and acetate accumulation:

C3HgO + HyO — CyH30,™ +2Hy +HT (1)

To maintain anaerobic, reducing conditions, frequent ethanol
delivery is required. Field experience with bioremediation of chlo-
rinated solvents has demonstrated that the delivery of a readily
metabolized substrate can result in clogging due to over-growth of
microbes near the injection port that limits efficient distribution of
electron donor into the contaminated area.

Slow-release electron donor sources (such as oleate and edible
oil) that have arelatively high energy density have been considered
as alternative electron donor sources for bioreduction of chlori-
nated solvents [9,10]. The slow degradation of substrates can allow
high penetration into the subsurface. Oleic acid is a monounsat-
urated omega-9 fatty acid found in various animal and vegetable
oil sources and also a major long-chain fatty acid (FA) in wastew-
aters as the product of lipid hydrolysis [11]. Because oleate is a
major long-chain FA in vegetable oil, it will be produced as the oil
is hydrolyzed during biodegradation. In the presence of Ca* ions,
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oleate forms calcium-oleate precipitates:
2CygH330,~ +Ca** — Ca(CygH3302)24 (2)

If oleic acid were delivered to subsurface, the precipitated
calcium-oleate could be trapped or attached to subsurface sedi-
ment and serve as a long-term energy source for microbial growth
and bioreduction. The anaerobic degradation of oleate can be per-
formed by syntrophic consortia composed of butyrate-degraders
(e.g.Syntrophomonas spp.) together with H,-utilizing methanogens
or SRB, with acetate as an intermediate [12,13]:

CygH330,™ +16H,0 — 9C,H30,~ +15H, +8H™ (3)

In this reaction, hydrogen must be maintained at a low level (a
few Pa or lower partial pressure) via consumption by methanogens
or SRB for the reaction to be thermodynamically favorable. During
oleate degradation, acetate was accumulated as a major product,
while other FAs were not found as degradation products [13].
Recently, we found that the degradation of oleate can also be
performed by sulfate-reducing Desulforegula conservatrix - like bac-
teria, which degrades other long-chain FAs [14]. Oleate and its
degradation product acetate and hydrogen could serve as electron
donor source for U(VI) reduction. To date, however, no report has
been published about the use of oleate as an electron donor source
for U(VI) reduction.

In field settings, groundwater geochemistry may significantly
influence bioremediation results. At US DOE uranium contami-
nated sites, sulfate is presented in groundwater and U(VI) reduction
is likely performed under sulfate-reducing condition with Hj-
producing substrate like ethanol [15,16]. The pilot field study at the
OakRidge site indicated that SRB were abundant [6]. SRB use sulfate
as an electron acceptor for the dissimilation of various organic mat-
ters and hydrogen to support their metabolic activity [17,18]. SRB
are also capable of reducing various inorganic ions in aqueous solu-
tion such asiron (IlI), manganese (IV), uranium (VI), and technetium
(VII), etc [18]. Under sulfate-reducing conditions, accelerated dis-
solution of the iron oxides may be due to redox-reactions between
ferric iron and sulfides [19]. The impact of sulfate on field scale
U(VI) reduction has been studied previously [20,21]. In addition,
the end products of sulfate reduction, hydrogen sulfide and sul-
fide (as FeS), also abiotically reduce U(VI) to U(IV) but the presence
of bicarbonate and neutral or high pH may inhibit the reduction
[22,23].

Understanding bioreduction processes is crucial to successfully
predict long-term fate of environmental uranium [24]. Models
for the reduction of metals and radionuclides by SRB can be
used to develop and design treatment systems employing SRB
for bioremediation [18]. Modeling U(VI) bioreduction requires
the consideration of uranium aqueous chemistry, uranium sorp-
tion/desorption, and bioreactive kinetics [25]. Microbial U(VI)
reduction have been described by several investigators using var-
ious formulations, such as first-order kinetics [18,26], and more
widely used Michaelis—-Menten or Monod kinetics [18,25,27,28].
Previous modeling efforts have made a variety of simplifying
assumptions, for example, not including aqueous complexation
and sorption reaction of uranium [18,27]. Other investigators have
lumped bioreduction kinetics without considering production and
consumption of intermediates [25].

In this study, we used microcosms to study U(VI) reduction
with oleate in comparison to ethanol at different initial sulfate
concentrations. Kinetic microbial reduction model incorporated
with equilibrium aqueous complexation and surface complexation
reactions was developed to describe the degradation of oleate or
ethanol associated with U(VI) reduction to U(IV). Construction of
thereaction path model and simulation of the tests provided insight
to the bioreduction processes and identified the rate limiting fac-
tors.

2. Materials and methods
2.1. Microcosm test

Microcosms were established in 158 ml serum bottles using
groundwater and sediment from Area 2 of OR-IFRC site
(Fig. S1 supplementary data) and incubated at ambient tempera-
ture (22-24°C). Groundwater from well FW231-2 was used and
had the following composition: pH 6.73; nitrate, 1.37 mM; sul-
fate, 1.14mM; Ca, 2.60 mM; U(VI), 4.87 wM; COD and nitrite, 0.
Sediment samples from sampling cores FB107 and FB109 were
mixed for use in the microcosms. Soil-saprolite material in the
samples exhibited a particle size ranging from 0.15 to 1.0 mm
and contained 0.649 mg/g U(VI); 49 mg/g HCl extractable iron that
includes 18.28 mg/g Fe(Il); and 18.6 mg/g COD. Microcosms were
established in an anaerobic glovebag by mixing 8.51 g (dry weight)
sediment with 130 ml amended groundwater (Table 1). The micro-
cosms were then sealed with butyl rubber stoppers and aluminum
caps for 5 weeks.

Experimental replicates contained either sodium oleate or
ethanol as electron donor plus various levels of sulfate (from
Na,S04) amendment. Negative controls received neither electron
donor nor sulfate. Oleate or ethanol was added to the microcosm
to achieve electron donor level of 720 mg COD/1(0.92 mM of oleate
or 9mM of ethanol) for a theoretical hydrogen yield of 1.794 and
2.34mmole per bottle for oleate and ethanol, respectively (Egs.
(1) and (3)). Microcosms were mixed by shaking and allowed to
settle for 12 h before sampling the aqueous phase at time zero.
Subsequently, the microcosms were incubated without shaking to
simulate conditions influenced only by diffusivity. Samples (about
1.5 ml each time) were withdrawn periodically for the quantifica-
tion of U(VI), pH, COD, acetate and sulfate in the aqueous phase. The
change of volume of aqueous phase was recorded based on weight
change of each microcosm before and after sampling. At the end of
the test, headspace gas composition was analyzed and sulfide, Fe(II)
and alkalinity in aqueous phase were measured. Sediment samples
were also withdrawn for the analysis of U speciation and iron (II)
content.

2.2. Analytical methods

The source and quality of chemicals used and analytical meth-
ods have been described in detail previously [6,7]. Uranium(VI)
in aqueous phase was measured using a kinetic phosphorescence
KPA-11analyzer (Chemchek Instruments, Richland,WA). Anions
(acetate, NO3~, Cl~, and SO42~) were analyzed with an ion chro-
matograph equipped with an lonPac AS-14 analytical column and
an AG-14 guard column (Dionex DX-120, Sunnyvale, CA). Cations
(Ca,Fe,Mn, Mg, U, K, Na, etc.) were determined using an inductively
coupled plasma mass spectrometer (ICPMS) (Perkin Elmer ELAN
6100). The oxidation state of U in sediments was determined by U
L3-edge XANES [29,30]. The Fe(Il) and Fe contents in the solid phase
was determined by extraction of sediment sample (30-50 mg dry
weight) using 1.5 ml of HCI (6N) for 24 h. Aqueous Fe(lII), total Fe,
sulfide and COD was measured colorimetrically using a HACH DR
2000 spectrophotometer (Hach Chemical, Loveland, CO). Methane
and hydrogen in gas phase was measured by gas chromatography
as described by Spalding and Watson (2006).

2.3. Electron balance estimation

At the end of the test, electron balance was estimated based on
available electrons from complete oxidation of oleate or ethanol,
electrons required for electron acceptor consumption and electrons
in intermediates of oleate or ethanol degradation. The half reac-
tions for electron transfer are based on those published previously



484 F. Zhang et al. / Journal of Hazardous Materials 183 (2010) 482-489

Table 1

Chemical composition in aqueous phase before bioreduction with oletate or ethanol.
Microcosm Control Oleate Ethanol

Al A2 A3 B1 B2
Substrate No Oleate Oleate Oleate Ethanol Ethanol
Concentration, mM? no 0.92 0.92 0.92 9.0 9.0
Added SO42~, mM no no 3.85 7.70 no 3.85
pH 7.13 6.89 7.00 7.04 6.85 6.92
HCO3~, mM 6.60 6.60 6.60 6.60 6.60 6.60
S04%~, mM 1.09 1.09 4.92 8.58 1.07 4.89
U, uM 14.9 14.5 235 27.3 14.9 22.8
Fe, mM 0.0041 0.0034 0.0047 0.0035 0.0040 0.0039
Na*, mM 0.51 0.61 7.81 15 0.51 8.03
K*, mM 0.16 0.15 0.12 0.13 0.11 0.13
Ca%*, mM 2.80 2.80 2.88 3.03 2.83 2.88
Mg2*, mM 0.76 0.76 0.77 0.81 0.77 0.78
Mn2*, mM 0.029 0.030 0.032 0.032 0.027 0.029
Cau0,(C03)3% in U, %° 19.7 19.7 19.3 18.6 19.7 19.3
Ca,U0,(C03)3 in U, %° 80.0 80.0 80.4 81.1 80.0 80.4
H, source available (mmole)® No 1.794 1.794 1.794 2.34 2.34
2 The COD concentration of ethanol or oleate was 720 mg/l (COD/electron = 8 mg/mmole).
b Calculated.
2,31,32]at pH 7.0 (Table 2). The halfreactions include oleate oxida- Kez

12 JatpH7.0(T ) e - OR W(OH), + U0,2* —2~WO0,U0; + 2H* (5)

tion, ethanol oxidation, acetate oxidation and hydrogen oxidation.

Both hydrogen and acetate are considered as intermediates of 2 5 Ke 5 .

oleate or ethanol degradation. Major reactions involved in electron S(OH); 4+ U0," 4+ CO3°~ ~— —S0,U0,C03°~ + 2H (6)

acceptor consumption include nitrate reduction, sulfate reduction, 5 5 Kes 5

Fe(1ll) reduction, CO, reduction (methanogenesis)and U(VI) reduc- W(OH), + U0,**C03” ~— —WO0,U0,C03°~ + 2H* (7)

tion to U(IV).

2.4. Modeling tools

The computer code HydroGeoChem v5.0 (HGC5) [33,34] is a
comprehensive model for water flow and reactive transport. The
biogeochemical reactive transport module of HGC5 was used to cal-
culate concentration changes and distributions of various species.
The program is designed for generic biogeochemical reaction net-
works, which may include both equilibrium and kinetic reactions
with user specified formulations [35]. HGC5 was coupled with the
nonlinear inversion code PEST [36] to automate calibration of spec-
ified model coefficients from measured data.

2.5. Basic geochemistry model

At the OR-IFRC site, uranium in contaminated sediment is
mainly present as uranyl which is predominantly bound to mon-
odentate phosphorus and bidentate carbon ligands [29]. The
basic geochemistry model includes uranium aqueous complexa-
tionreactions [37-39] (Table S1 of supplementary data) and surface
complexation reactions for uranium sorption [40] (Table S2 of sup-
plementary data):

K,
S(OH), + U0,2* —~S0,U0, + 2H* (4)

Table 2

where UO,2" is a uranyl species in aqueous phase, S and W denote
strong and weak surface binding sites, respectively, and K1, Ke2,
Ke3,and K4 are equilibrium coefficients for the individual reactions.
Previously, we determined the values for logK.1, logK;,, log K3,
and log K4 to be —2.64, —6.84, —13.68, —17.28, respectively, and
strong and weak sorbing site densities to be 0.0018 mole sites/mole
Fe(Ill) and 0.8732 mole sites/mole Fe(IIl), respectively, for the sedi-
ment from the studied site [41]. In addition, a surface complexation
model describing sulfate sorption [42] was introduced to model.

Ke
XOH + H*+50,42~ —2~XS0,~ + H,0 (8)

where X denotes both strong and weak surface binding sites and
log K5 is equilibrium coefficient that was calibrated from initial
aqueous composition data (Table 1).

A previous study showed that at low pH, U(VI) sorption is mainly
due to cation exchange involving the U(VI) species represented
by UO22*, while at higher pH, sorption of U(VI) is dominated by
anionic uranyl-carbonate species [16]. Therefore, cation exchange
of U(VI) is omitted in this study for microcosm tests performed
under pH~ 7.

2.6. Reaction pathway model

A kinetic microbial reduction model incorporated with the basic
geochemistry model were developed to describe the sulfate and

Half reactions for electron transfer associated with bioreduction with oletate or ethanol.

No. Processes Half reactions for electron transfer

1 Oleate oxidation C1gH330,~ +43H,0 — 9CO, +9HCO3~ +110H* +102e~
2 Ethanol oxidation CoHgO +3H;0 — 2C0O;, +12HY +12e~

3 Acetate oxidation CH3CO,~ +3H;0 — CO, +HCO3~ +8H" +8e~

4 Hydrogen oxidation Hy — 2H" +2e~

5 Denitrification of nitrate NO3;~ +6H* +5e~ — 0.5N; +3H,0

6 Sulfate reduction S04%2~ +9.5H* +8e~ — 0.5H,S +0.5HS~ +4H,0

7 Fe(III) reduction Fe3* +e~ — Fe?*

8 Methanogenesis (CO, reduction) CO, +8H* +8e~ — CH4 +2H,0

9 U(VI) reduction to U(IV) U0,(CO3)34 +3H* +2e~ — UOys) +3HCO3~




F. Zhang et al. / Journal of Hazardous Materials 183 (2010) 482-489 485

uranium reduction stimulated by oleate or ethanol. The reaction
path model considers detailed oleate/ethanol degradation and the
production and consumption of intermediates, acetate and hydro-
gen. Ammonium was considered as a nitrogen source for microbial
growth. In addition to the aqueous complexation and surface com-
plexation reactions specified in the basic geochemistry model, six
kinetic bioreactions are included in the model. First, oleate degra-
dation

C1gH330,74+16H,0 — 9CyH30,~ +15H, +8HT, Ry =K; Coleate

9)
or ethanol degradation

CyHgOz + HyO — CH30,™ +2Hy +HY, Ry =KiCethanol (10)

Second, sulfate reduction by acetate
0.125C;H30,740.1125504%~+0.00435NH,* +0.16875H" — 0.00435CsH;0,N+
0.05625H,S + 0.05625HS ™ +0.1033C0; +0.125HC05™ +0.1098H,0 (11

Cacetate Cso,
Kacetate + Cacetate KSO4 + CSO4

Third, sulfate reduction by hydrogen

0.5H + 0.11255042" + 0.00435NH,* + 0.16875H" + 0.02174C0, —
0.00435CsH; 02N + 0.05625H,S + 0.05625HS ™ + 0.4848H,0
G C
Ry=Ky  ——2 . __ S04
KHZ + CHZ K504 + C504
Fourth, U(VI) reduction by acetate

0.125C,H30, + 0.45U0,(C03);*" + 0.00435NH,* + 0.45H" + 0.3402H,0 —
0.00435C5H; 0N + 0.45U0x) + 0.1033CO; + 1.475HCO; ™

Ry =K -

(12)

13
Ry =Ky - Cacetate . CU(V[) ( )
Kacetate + Cacetate  Kuvry + Cuqvry
Fifth, U(VI) reduction by hydrogen
0.5H; + 0.45U0,(C03);*" + 0.00435NH,* + 0.45H + 0.02174C0, —
0.03478H,0 + 0.00435C5H70,N + 0.45U0) + 1.35HCO; ™ (14)

Cu, ] Cuvny
KH2 + CH2 Ku(v]) + Cu(\/[)

Rs =Ks -

where R; is degradation rate of oleate for oleate amended sys-
tem or degradation rate of acetate for acetate amended system,;
R, and R3 are rate of sulfate reduction by acetate and hydrogen,
respectively; and R4 and Rs are rate of U(VI) reduction by acetate
and hydrogen, respectively. R, through Rs are formulated by a
dual Monod rate law. K; is the rate constant for degradation of
oleate or acetate; K, and K3 are the maximum specific rate of
substrate utilization for sulfate; and K4 and K5 are the maximum
specific rate of substrate utilization for U(VI), Kycetate =0.07 mM
[43], KHZ =141 pa [44], Kso4 =0.01mM [25] and Ku(v])=0.5 mM
[25] are half saturation coefficient for acetate, hydrogen, sulfate
and U(VI), respectively.

3. Results and discussion
3.1. Initial aqueous composition simulation

Nitrate was not detected in all microcosms in the samples
from all microcosms at time zero. It was consumed due to micro-
bial activity probably using sediment organic matter (as 18.6 mg
COD/g). In contrast, constant sulfate concentration in the con-
trol indicated no sulfate reduction in the absence of electron
donor amendment (Fig. S2). In the control microcosm after mix-
ing the sediment with groundwater, aqueous U(VI) concentration
increased gradually from 12.1 to 15.2 uM over the first 5 weeks
due to desorption of U(VI) from sediments (Fig. 1 and Fig. S2, sup-
plementary data). Microcosms receiving sulfate supplement (A2,
A3, and B2) showed increased uranium concentration (Table 1).
Oleate or ethanol was introduced to the tested microcosms after
U(VI) concentrations reach steady level after 5 weeks at static con-
dition. The steady state aqueous composition was simulated using

Table 3
Chemical composition at the end of test and relative electron recoveries for major
reactions (as %).

Microcosm Oleate Ethanol

Al A2 A3 B1 B2
Substrate Oleate Oleate Oleate Ethanol Ethanol
Initial SO4%~, mM 1.09 4.92 8.58 1.07 4.89
pH 7.01 7.14 7.46 7.02 7.40
HCO5;~, mM 14.5 17.9 25.4 13.3 15.0
U, pM 0.95 1.89 2.33 0.42 2.07
S?-, mM 0.0078 0.0039 0.0141 0.0023 0.0102
Fe?*, mM 0.290 0.058 0.0095 0.18 0.022
U(IV)/total U in solids, % 37 61 65 56 65
Fe(Il) generated, mmole 1.08 1.64 1.76 1.12 1.58
CH4, mmole 0.817 0.539 0.10 0.842 0.425
Electron recovery, %
CH,4 production 75.0 40.25 7.38 75.37 35.02
Sulfate reduction 12.01 44.09 76.03 11.49 48.43
Fe(II) reduction 12.78 15.38 16.28 12.82 16.30
U(IV) reduction 0.21 0.28 0.30 0.31 0.33

Note: Sulfate and acetate were not detected in the microcosms except for control at
the end of the test (day 180). U speciation was analyzed by XANES. Fe(Il) generated
was calculated based on the difference between total Fe(Il) in the microcosm with
amended electron donor and that in control.

the basic geochemistry model including aqueous complexation
and surface complexation reactions. The equilibrium coefficient of
the sulfate surface complexation reaction logKe5 (Eq. (8)), which
directly affects the amount of sulfate sorption and indirectly affects
the amount of competing uranium and carbonate sorption, was
calibrated to be 8.08 - 0.24 to achieve the best fit of the aqueous
sulfate and uranium concentrations and alkalinity. The amount of
total carbonate and sulfate in the systems of mixed sediments and
groundwater were not measured and thus estimated together with
log Ks5. Total of dissolved and sorbed carbonate was estimated to be
18.7 + 0.4 mM. The total sulfate including dissolved and sorbed was
estimated to be 1.44 +0.22 mM. The simulated sulfate concentra-
tions are close to those measured in microcosms when desorption
of the sorbed fraction is taken into account (Table 1). The dominant
aqueous U(VI) species was the calcium-uranyl-carbonate complex,
Cay UOz(CO3 )3 (Table 1)

3.2. Electron balance

The changes in aqueous concentrations of U(VI), sulfate and
acetate in the microcosms over a 100-day incubation are illustrated
in Fig. 1 and the result for mass balance is presented in Table 3.
Removal of aqueous U(VI) was observed with the addition of either
oleate or ethanol (Fig. 1a1-a3). The reduction of U(VI) to U(IV) was
confirmed by XANES analysis of the sediments. At the end of the
test less U(VI) was reduced to U(IV) using oleate than ethanol when
normalized on a COD basis (37% in A1 versus 56% in B1 and 61% in
A2 versus 65% in B2). The extent of U(VI) reduced was likely related
to hydrogen source available via substrate degradation (1.794 ver-
sus 2.34mmole per bottle for oleate and ethanol respectively as
shown in Table 1). Removal of aqueous sulfate was also observed
(Fig. 1b1-b3). Higher initial sulfate concentration resulted in more
U(IV)inaqueous phase at the beginning of the experiment (Table 3).
According to the half reactions for electron transfer (Table 2), the
percentage of electron recovery was estimated based on the elec-
trons for the production of CHy, Fe(II) and U(IV) and inferred S(II)
from sulfate loss (Table 3). Denitrification was not counted in this
study since nitrate was consumed before electron donor was added.
The electrons used for U(VI) reduction was very limited (<0.4%).
More than 50% of electrons were used for sulfate and Fe(III) reduc-
tion, to produce reduced products sulfide and Fe(Il) compounds in
the presence of high sulfate (A2, A3 and B2). But most electrons
(>75%) were used for methane production in the presence of low
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Fig. 1. Evolution of aqueous U(VI), sulfate, and acetate concentrations during oleate and ethanol stimulated bio-reduction and reaction pathway model simulations. Obser-
vations and simulations are represented by dots and curves, separately. Oleate and ethanol tests are shown in black and grey, respectively. al-a3, b1-b3 and c1-c3 show
concentration of dissolved U, sulfate and acetate, respectively. a1, b1, and c1 describe tests with initial sulfate concentration of 1.09 mM, a2, b2, and c2 describe tests with
initial sulfate concentration of 4.92 mM, and a3, b3, and ¢3 describe tests with initial sulfate concentration of 8.58 mM.

sulfate (A1 and B1). At higher initial sulfate concentration more
electron donor was consumed by SRB and more U(VI) was reduced
to U(IV) while fewer electrons were used for methane production.
Less than 17% of electrons were used in Fe(Ill) reduction with no
clear trend in response to sulfate amendment. We assumed that
significant portion of the Fe(Ill) reduction may be due to chemi-
cal reduction by biogenic sulfide [19]. Complete reduction of Fe(III)
solids in sediment matrix is impossible due to poor availability. Our
other test indicated that a large fraction of Fe(Ill) could remained in
the sediments over months under anaerobic condition [30]. A sepa-
rate microcosm study showed that at the population of FeRB was in
much lower abundances than species known to oxidize long-chain
fatty acids and reduce sulfate and U(VI) in the presence of sulfate
[25]. Therefore, electrons from degradation of oleate or ethanol that
were consumed by bioreduction of Fe(III) to Fe(II) are neglected in
the modeling.

3.3. Oleate/ethanol degradation and sulfate reduction in
microcosms.

Oleate degradation was indirectly monitored by measuring
production of the intermediate breakdown product acetate [32].
Acetate was also monitored in ethanol amended microcosms. The
lag period for oleate degradation (9 days) was longer for than
ethanol degradation (<6 days) (Fig. 1c1-c3). Acetate was more
rapidly produced in ethanol amended microcosms. During the
same period, sulfate concentration started decreasing. The pro-
duced acetate was then partially consumed and stabilized after
sulfate was completely depleted. Under the same initial sulfate
concentration, acetate production and sulfate removal occurred
earlier and more rapidly with ethanol than oleate. For ethanol

amended microcosms, the initial sulfate concentration did not
influence the peak level of acetate likely due to the fact that ethanol
can be degraded via either sulfate reduction or syntrophic ace-
togenesis (Wu et al., 1991). For oleate amended microcosms, the
sulfate concentration influenced the peak level (Fig. 1). Lower peak
concentrations of acetate were observed with lower initial sul-
fate concentration, suggesting that oleate degradation was more
dependent on sulfate reduction during initial 30 days. For ethanol
amended microcosms B1 and B2, degradation of acetate continued
after majority of sulfate and U(VI) were removed (Fig. 1c1 and c2).
For oleate amended microcosms, after acetate reached peak level,
acetate removal was related to the sulfate concentration within
the first 100 day period. In case A1, no further acetate concentra-
tion decrease was observed (Fig. 1 c1). In cases A2 and A3, acetate
concentration decreased and then stabilized as sulfate consumed
(Fig. 1c2 and ¢3). This observation indicates that acetate degrada-
tion occurred much later with oleate as substrate than with ethanol.
Acetate in cases A1-A3 was found to become zero after 150 days.
Methane was observed in the headspace of the microcosms. The
further consumption of acetate after sulfate was consumed was
likely associated with methanogenesis. Therefore, we added the
CH,4 production reaction from acetate degradation at time tg to the
complex reaction pathway model for simulation of microcosms B1
and B2:

CH30;7 +Hy0 — HCO3™ 4+ CHy, Rg =KgCacetate (19)

We did not simulated methanogenesis in A1-A3 because of lack
of acetate data between days 100 and 150.
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Ethanol

B1

B2

Table 4

Reaction parameter estimated for calibration of the reaction pathway models.
Microcosm Oleate

Al A2 A3

K; (M/day) 2.48E-01+7.59E-02 2.98E-01+1.25E-01 2.00E-01 £ 2.26E-02
K, (M/day) 6.09E—04 £ 2.57E—-04 2.86E—03 £ 8.27E-04 1.62E—-03 +7.85E-05
K3 (M/day) 7.32E-02 +1.63E-01 2.79E-03 +1.47E-03 5.99E-03 +3.19E-03
K4 (M/day) 4.51E—06 - 8.02E—04 3.54E—-06+ 1.01E-03 1.00E—07 + 1.18E—04
Ks (M/day) 3.31E-02+3.24E-02 1.80E—03 4+ 2.30E-03 3.02E-03 £+ 1.07E-03
te (day) - - -
K7 (M/day) - - -
Coleate (M) 3.07E-04 £+ 2.14E-05 - -

2.00E-01 +4.82E-02
1.27E-04 +5.50E-04
3.78E-03 £2.77E-03
1.00E-07 £1.67E-05
7.83E—-03 + 1.80E-03
3.60E+01 +6.45E-01
3.19E-01 +£3.73E-01

3.89E-01 +7.96E—-02
2.09E-03 +2.50E-04
8.25E—-04 + 3.47E—-04
1.00E-07 £2.35E-04
2.63E-03 £6.79E-04
5.23E+01+7.19E+00
6.28E—02 +4.75E—-02

3.4. U(VI) reduction in microcosms

U(VI) concentrations decreased in both oleate and ethanol
amended microcosms (Fig. 1a1-a3) but not the control microcosm
(Fig. S1), indicating that the removal of U(VI) was due to micro-
bial activities. The initiation of U(VI) removal was correlated with
acetate production (i.e., degradation of oleate or ethanol) and sul-
fate reduction. After sulfate was consumed, the removal of aqueous
U(VI) became slower (Fig. 1al and a2). Microcosms with higher
initial sulfate had higher residual aqueous U(VI) concentrations,
although more reduced U(IV) was detected in solid phase (Table 3).
This was attributed to adsorption isotherm of U(VI) to sediments.
Higher initial sulfate concentration also resulted higher bicarbon-
ate concentration and raised pH (Table 3). Therefore, the higher
residual aqueous U(VI) was observed in the microcosm with higher
initial sulfate concentration. The influence is simulated by the aque-
ous complexation reactions plus surface complexation for uranium
and sulfate sorption in the basic geochemistry model. More U(VI)
in sediments was desorbed and reduced with higher initial sul-
fate concentration. Under the same initial sulfate concentration, we
observed earlier and quicker U(VI) reduction in ethanol amended
microcosms than in oleate amended microcosms. This was likely
related to greater amount of hydrogen available with ethanol than
oleate on the same COD basis (Table 1).

3.5. Model calibration

The reaction pathway model was automatically calibrated using
HGC5 coupled with PEST. Model calibration results are compared to
experimental data in Fig. 1. Parameter estimation results are sum-
marized in Table 4. The model accurately tracked major features of
U(VI) reduction (Fig. 1a1-a3), sulfate reduction (Fig. 1b1-b3), and
acetate evolution (Fig. 1c1-c3). K1 -K5 were estimated through cal-
ibration of sulfate, U(VI) and acetate concentration measurements
without consideration of CH4 production from acetate (Table 4). For
microcosms B1 and B2, additional calibration is performed to esti-
mate Kg and tg with consideration of CH4 production from acetate,
based on the estimated K; through K5 obtained from former calibra-
tion. The oleate degradation in reality was more complicated than
the reaction model used in this study. In our test, oleate degrada-
tion via sulfate reduction was initially predominant. In microcosm
A1 oleate was degraded associated with sulfate reduction during
initial 30 days and the second increase of acetate after 60 days was
likely due to degradation of some residual oleate via syntrophic ace-
togenesis mainly with methanogenesis. Therefore, in A1, the model
assumes that only part of the total oleate (0.89 mM) was available
for sulfate reduction, which represented by Cgjeate Was estimated
together with the other reaction parameters.

Due to the much higher concentration of sulfate than U(VI),
the consumption of acetate is mainly controlled by rate of sul-
fate reduction using acetate. The overall rate of sulfate reduction

is influenced by the substrate degradation rate and intermediate
acetate and hydrogen consumption rate. No separate data set is
available to differentiate the rates of U(VI) reduction by acetate
and hydrogen. However, the residual U(VI) co-existing with acetate
indicates that the rate of U(VI) reduction with acetate was relatively
slow. Consequently, the maximum specific rate of U(VI) reduction
by acetate, K4, was estimated to be smaller than that by hydro-
gen, K5 (Table 4). Therefore, the overall rate of U(VI) bioreduction
was mainly influenced by the substrate degradation rate and inter-
mediate hydrogen consumption rate. Simulation of intermediate
acetate provide better understanding of the degradation and reduc-
tion mechanisms.

As shown in Table 4, degradation rate of oleate Kj increased as
initial sulfate concentration rose from 1.09 mM (microcosm A1) to
4.92 mM (microcosm A2) but decreased as initial sulfate concen-
tration rose further to 8.58 mM (microcosm A3). This indicates that
sulfate concentration as high as 8.58 mM may cause inhibition to
microbial activity.

3.6. Implementation of the results and further study

Results of this study indicated that oleate can be utilized as an
electron donor source for in situ U(VI) reduction and immobiliza-
tion. Therefore, oleate-containing edible oil may also serve as an
electron donor source. The test results indicated that the degrada-
tion rate of oleate was slower than ethanol. This would be beneficial
as it would help to avoid microbial clogging near an injection well
and promote deep penetration of the electron donor to subsurface.

The model developed in this study simulated the test process
well. However, the abiotic reduction of U(VI) to U(IV) by bio-
genic sulfide and reduced ferrous compounds were not specially
addressed although the role of these compounds in U(VI) reduc-
tion cannot be ruled-out. It is maybe due to that the contribution
of abiotic U(VI) reduction was relatively smaller than biotic reac-
tions under the test condition in this study. If abiotic reactions
were considered, more complicated model would be required.
Models for U(VI) bioreduction involve many geochemical parame-
ters, including aqueous U(VI) speciation, surface complexation and
bioreaction kinetics. Therefore, for efficient in situ applications, sen-
sitivity analysis is needed to simplify the models. In addition, oleate
degradation and uranium reduction in reality is much more compli-
cated than the kinetic bio-reactions specified in reaction pathway
model. Uncertainty can also result from the simplification in the
conceptual reaction model, which could be but not limited to: (1)
when sulfate is depleted, excess acetate would be available for
continued reduction of residual U(VI) by FeRB with access to bio-
available Fe(III); (2) the impact of bioreduced products on uranium
immobilization; (3) reoxidation of immobilized U(IV) by dissolved
oxygen or other oxidants while anaerobic or anoxic conditions was
not maintained; and (4) the scale up of biogeochemical reaction.
These topics are the subject of ongoing analyses.
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4. Conclusion

This research mainly focused on the biogeochemical model-
ing of U(VI) reduction with two distinct electron donor sources,
i.e.,, oleate and ethanol. Our study confirmed that long-chain
fatty acids like oleate can serve as electron donor source
for U(VI) reduction. The results of microcosm tests demon-
strated that U(VI) reduction can be achieved using either
oleate or ethanol as electron donor under different sulfate
concentrations. Higher sulfate concentrations caused desorp-
tion of U(VI) and higher initial aqueous U(VI) concentration.
Competitive sorption of U(VI) and sulfate can be accurately
simulated by a basic geochemistry model that includes equilib-
rium aqueous complexation and surface complexation reactions.
According to the aqueous speciation calculations, the dominant
aqueous U(VI) species was calcium-uranyl-carbonate complex,
CapU0,(C03)3,

Degradation of oleate in the sediments proceeded more slowly
than ethanol. On the same COD basis, less U(VI) was reduced to
U(IV) using oleate than ethanol presumably because oleate has
less hydrogen available via substrate degradation. The removal
of U(VI) from the aqueous phase was mainly correlated with
acetate production and sulfate reduction. Higher initial sulfate
concentration led to more bicarbonate production and raised pH;
and resulted in more U(VI) reduction in sediments. In oleate
amended microcosms, the sulfate concentration also influenced
the peak concentrations of the intermediate breakdown prod-
uct acetate. Lower peak concentration was observed with lower
initial sulfate concentration suggesting that oleate degradation
was more dependent on sulfate reduction. Mass balance cal-
culation shows that with increased sulfate amendment more
electron donor was consumed by SRB and more U(VI) was reduced
to U(IV) while less electrons were used for methane produc-
tion.

A Kkinetic microbial reduction model incorporated with the basic
geochemistry model was developed to describe the reduction of
sulfate and U(VI) stimulated by oleate or ethanol. Both models track
the major trend of sulfate and U(VI) reduction. The model describes
the successive production and consumption of acetate, concurrent
with the bioreduction of aqueous sulfate and U(VI) species. The
model results imply that (1) the overall rate of sulfate reduction
is influenced by the substrate degradation rate and intermediate
acetate and hydrogen consumption rate and (2) the overall rate
of U(VI) bioreduction is mainly influenced by both the degrada-
tion rate of organic substrates and consumption rate of hydrogen.
Both mass balance calculation and model calibration show that the
extent of U(VI) reduced was likely related to hydrogen available
via substrate degradation. Simulation of intermediate acetate using
the model provides better understanding of the degradation and
reduction processes.

The kinetic microbial reduction model may be further improved
by simulating biomass production and tying reaction rates to
biomass rather than using a lumped rate constant. Methanogen-
esis could be inhibited by sulfate-reducing bacteria competing
for transferred hydrogen (Abram and Nedwell, 1978). The lag
of acetate degradation by methanogens maybe also due to slow
growth of acetate-utilizing methanogens. It is therefore sug-
gested that future studies consider measurement of hydrogen and
biomass, and analysis of bacterial type to enable the develop-
ment and testing of more comprehensive models with competition
between sulfate-reducing bacteria and methanogens and growth
of respective biomass. In addition, to apply oleate and other
slow-release substrates to the subsurface for in situ bioreme-
diation, substrate delivery strategies need to be developed to
avoid well clogging and ensure efficient amendment disper-
sal.

Supplementary data

Supplementary data associated with this article includes
description of sample location at Oak Ridge site, sulfate and U con-
centrations in control microcosm, and tables containing aqueous
complexation reactions and surface complexation reactions con-
sidered in the model.
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