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ABSTRACT

It is widely understood that selenite can be biologically reduced to elemental selenium. Limited
studies have shown that selenite can also be immobilized through abiotic precipitation with
sulfide, a product of biological sulfate reduction. We demonstrate that both pathways
significantly contribute to selenite immobilization in a microfluidic flow cell having a transverse
mixing zone between propionate and selenite that mimics the reaction zone along the margins of
a selenite plume undergoing bioremediation in the presence of background sulfate. The
experiment showed that red particles of amorphous elemental selenium precipitate on the
selenite-rich side of the mixing zone, while long crystals of selenium sulfides precipitate on the
propionate-rich side of the mixing zone. We developed a continuum-scale reactive transport
model that includes both pathways. The simulated results are consistent with the experimental
results, and indicate that spatial segregation of the two selenium precipitates is due to the
segregation of the more thermodynamic favorable selenite reduction and the less
thermodynamically favorable sulfate reduction. The improved understanding of selenite
immobilization and the improved model can help to better design in-situ bioremediation
processes for groundwater contaminated by selenite or other contaminants (e.g., uranium (I1V))

that can be immobilized via similar pathways.



38
39

40
41

42

43

44

45

46

47
48

Table of contents art

KEYWORDS:
Abiotic selenite immobilization; biotic selenite immobilization; microfluidic flow cell; reactive

transport model; selenium sulfide



49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

INTRODUCTION

Selenium is an essential element for humans and animals but is very toxic at high concentrations.
A broad spectrum of anthropogenic activities, including mining, agricultural, petrochemical, and
industrial manufacturing operations, can cause selenium contamination in the environment,!
including the contamination of groundwater.?®  Selenium ranks 145 among a list, in order of
priority, of 275 substances that are commonly found at facilities on the National Priorities List.?
The typical concentration of selenium in groundwater ranges from 0.06 - 400 ug /L, but
concentrations may approach 6000 pg /L.® High concentration of selenium causes human
health problems such as hair or fingernail loss, numbness in fingers or toes, and circulatory
problems.? The U.S. Environmental Protection Agency established a maximum contaminant
level for total selenium in drinking water at 50 pg /L.2  Higher-than-required concentration of
selenium also causes health problems for livestock and wildlife. One example is mortality,
birth defects, and reproductive failure in waterfowl at Kesterson National Wildlife Refuge, San
Joaquin Valley, California.®*® These problems were attributed to elevated concentrations of

selenium in irrigation drainage that discharged to the refuge.

Selenium predominantly occurs in the form of selenate (SeOs>, Se(VI)), selenite (SeOs*,
Se(1V)), elemental selenium (Se°, Se(0)), and selenide (Se?). The dominant forms of selenium
in groundwater are oxidized selenium, i.e., selenate and selenite, and groundwater contaminated

by these contaminants can be bioremediated by injecting an electron donor into the contaminated
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zone, where Se-respiring bacteria reduce the oxidized selenium to immobile elemental selenium
by coupling this reaction to the oxidation of the added electron donor.>’ A growing body of
literature indicates that amended electron donors mix with contaminants in groundwater plumes

via transverse diffusion along plume margins.}*13

Although transverse mixing affects the
spatial distribution and time scales of product formation (e.g., elemental selenium), as well as the
influence of other reactive species present in groundwater, prior work has not evaluated the
influence of diffusive mixing on selenium bioremediation. Se-respiring microorganisms are
similar to dissimilatory metal-reducing bacteria (DMRB; e.g. iron reducing bacteria) since they
reduce some metals in environments like groundwater to an insoluble state, such as U(VI)
reduction to U(IV) and Cr(VI1) reduction to Cr(I11).°> Insights into selenium immobilization via

biostimulation have the potential to impact how the bioremediation of other metal contaminated

sites are evaluated.

In this study, we use selenite as the contaminant for two reasons. First, selenite is an
intermediate of selenate reduction. Using selenite simplifies the system and allows more direct
mechanistic interpretation of the results. Second, most previous studies used selenite instead of
selenate (probably due to the first reason); thus, a complete set of parameters are available in the
literature for modeling selenite. More than 20 bacterial species have demonstrated capability to
respire selenite.3® Potential mechanisms and enzyme systems involved in biological selenite

transformations have been proposed for some of the selenite-respiring species, such as
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Rhodospirillum rubrum, Rhodobacter capsulatus, Geobacter sulfurreducens, Shewanella
oneidensi and Veillonella atypica.l ® 3 Though selenide and methylated forms of selenium
may be produced, elemental selenium nanoparticles are the main product.®® The structural and

spectral features of the selenium nanoparticles have been characterized.*

Sulfate is a common co-constituent in groundwater with selenite, and its reduction to sulfide
leads to another pathway to immobilize and reduce selenite. Previous studies of the abiotic
reaction between sulfide and selenite have found that precipitation of solid phase selenium
sulfides depends on the pH of the solution, occurring at between pH 3 and 10. At pH<3 or
pH>10, the reaction yields a mixture of elemental sulfur and elemental selenium.® ® The
reaction kinetics of this abiotic reaction has been well studied and quantified.® However, there
is only one study where biological reduction of sulfate was coupled to abiotic selenite reduction
with sulfide; Hockin and Gadd®® used a strain of Desulfomicrobium novegicum to reduce sulfate
to sulfide, which then abioticaly reacted with selenite in a glass vial. No previous research has

investigated this reaction in the context of reactive transport conditions.

At a bioremediation site with groundwater at circumneutral pH, we expect that some selenite
would be reduced to elemental selenium via selenite-reducing bacteria (SeRB), or converted to
selenium sulfides via the abiotic reaction that is mediated by sulfate-reducing bacteria (SRB).

However, simultaneous immobilization of selenite via the two pathways has not been studied, to
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the best of our knowledge. Therefore, the first objective of this study is to determine if the two
pathways simultaneously occur and to what extent might each pathway contribute to selenite

immobilization during bioremediation.

Concentration gradients of the electron donor and acceptor during transverse diffusion at the
margins of groundwater plumes can be steep, which may lead to uneven distribution of reaction
products, namely different microbial species, elemental selenium, and selenium sulfides.
Therefore, the second objective of this study is to investigate typical distribution patterns of the
reaction products in the mixing zone by integrating experiment with modeling. In previous
reactive transport models for in-situ bioremediation of selenite-contaminated groundwater, the
abiotic, but biologically mediated selenite removal pathway was neglected due to inadequate
understanding of this pathway.'**® We improve the model by adding this pathway, and use the
improved model to more accurately predict selenite immobilization performance and the typical

distribution patterns of the reaction products.
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MATERIALS AND METHODS

Micro-fluidic Flow Cell Experiment

Flow cell description

A microfluidic flow cell experiment was conducted to mimic the mixing zone in a site heavily
contaminated by selenite. Figure 1a shows the set-up of the flow cell. The dimensions of the
flow cell were 2 cm (length) x 1 cm (width) x 20 um (height). The flow cell contained a
homogeneous pore network that consisted of a uniform distribution of 300-pum-diameter
cylindrical posts (Figure 1b). Each pore body was 180 pm and each pore throat was 40 um; this
resulted in a porosity of 0.39. The flow cell was fabricated through a standard photolithography
procedure as described in our previous work, e.g., Chomsurin and Werth,*® Willingham et al.®
and Zhang et al.®® A silicon wafer was coated with a photoresist (PR) polymer, and selectively
exposed to UV light by placing a mask directly above the wafer. The areas exposed to UV light
were weakened, and were removed using a developer. Exposed areas of silicon were etched
using plasma generated from an inductively coupled plasma-deep reactive ion etching system.
Then flow channels were formed by anodically bonding thin Pyrex glass to the top of the etched

silicon wafer.

Control experiment without biomass
To determine if any chemical reactions would occur without biomass in the flow cell, the flow

cell was operated at the following conditions in a 30 °C room for one month. Mineral salts
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solution containing selenite (5 mol/m®) was supplied at inlet A, and mineral salts solution
containing propionate (10 mol/m?) was supplied at inlet B (Figure 1a). The flow rates at both
inlets were maintained at the same rate using a syringe pump (Cole Parmer, 74900 series),
connected to the flow cell with 1/16"-diameter PEEK™ tubing. The flow rate corresponded to
a Darcy velocity of 8.4 m/day. Sulfate was present in the mineral salts solution at 0.1 mol/m?3.
The mineral salts solution (per liter of deionized water) contained: FeSOs <7H20O, 0.007 g;
Na2S0O4, 0.005 g; CaCl2+2H20, 0.015 g; MgClz2+6H20, 0.02 g/L; NH4Cl, 0.1 g/L, and trace
elements that included MnCl»4H,O (5 mg/L), H3BOs (0.5 mg/L), ZnCl, (0.5 mg/L),
CoCl2+6H20 (0.5 mg/L), NiSO4°6H20 (0.5 mg/L), CuCl2+2H20 (0.3 mg/L), NaM0oO4+2H20 (0.1
mg/L), Na2SeO4 (0.003 mg/L) and Na,WO4 (0.008 mg/L). KH2PO4 (2 mM) and NaHCO3 (10
mM) were added as pH buffers. The solution was degased using N2 + CO. gas while
maintaining pH at ~7.0. NaxSO3 (0.04 mM) was added to the solution to consume the residual
dissolved oxygen. The mineral salts solution was autoclaved. Since no precipitation occurred
during the control experiment, we inoculated the flow with biomass, as discussed in the next

section.

Inoculation
After the control experiment was completed, the flow cell was inoculated with a mixed culture
enriched from a groundwater sample taken from the Oak Ridge superfund site in East Tennessee.

Before inoculation, we confirmed that the mixed culture could reduce selenite and sulfate in
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sealed serum bottles. For inoculation, mineral salts solution that contained the mixed culture,
propionate, and fumarate were delivered to both inlets and flowed through the flow cell for three
weeks at a Darcy velocity of 1.2 m/day. At the end of the inoculation period, small areas with
biomass growth were observed to develop randomly but uniformly in the flow cell, as shown in

Supporting Information (Figure S1).

Operation and imaging

After the inoculation, the flow cell was operated using the same conditions as in the control
experiment for 40 days. The flow cell was imaged weekly by a Nikon Epiphot 200
epi-fluorescent microscope with a 20 x objective and a RT Spot charge-coupled device (CCD)
digital camera; this was also done weekly for the control experiment and the inoculation and
enrichment. To characterize the reaction products, we filtered the effluent of the flow cell by a
membrane that had a maximum pore size of 0.2 pm on the 36" day, and then assayed the
retentate on the membrane using a Field-Emission Environmental Scanning Electron Microscope
(Philips XL30 ESEM-FEG) with Energy-Dispersive Spectroscopy (EDS). To further
characterize the reaction products in the flow cell, color images of the flow cell were taken on
the 40" day using a Leica microscope with a 40 x objective and a CCD camera (Qimaging
Retiga 2000R Fast 1394), and Raman spectra of the reaction products were obtained the next day
using a high-resolution research-grade Horiba LabRAM HR 3D-capable Raman spectroscopy

imaging system with an excitation wavelength of 523 nm. Then the flow cell was cut into 2

10
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mm-wide pieces along the direction perpendicular to flow using a Disco DAD-6TM Wafer
Dicing Saw. The cut pieces were fixed, dehydrated, and coated with Au/Pt before being

assayed by the same ESEM-EDS system as above.

Reactive Transport Modeling

Model overview

To interpret the experimental observations, we developed a reactive transport model. The
model was based on the widely used continuum-scale reactive transport model framework, but
modified to include the unique metabolic and physiological characteristics of sulfate and selenite
reducing bacteria.  Although pore-scale models have been developed for coupled flow, transport,
reaction, and biofilm growth,*’1° we adopt a simpler continuum-scale model since our goal is to
understand (not directly replicate) the effects of mixing on spatial segregation of the two
different reaction pathways. Five major reactions are considered in our model and they are
listed below. Reactions 1 and 2 are mediated by SRB and Reactions 3 and 4 are mediated by
SeRB.?® Reaction 5 is an abiotic reaction for selenite and sulfide.® Therefore, the model
considers two biomass species (SRB and SeRB), five dissolved chemical species (CHsCH.COO-,

Se03%, SO4%, HS", and CH3COO"), and two solid chemical species (Se.Sg.p, Se9).

11
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CH3CH2COO" + 0.75504* - CH3COO™ + HCO3 + 0.75HS™ + 0.25H* 1

CH3COO™ + SO4* > 2HCO3 + HS' 2

CH3CH.COO™ + 1.55e03% + 2H* - CH3COO™ + HCO5™ + 1.5Se% + 1.5H,0 3
CH3COO" + 2Se03% + 3H* = 2HCO3 + 2Se? + 2H,0 4

SeOs% + 2HS + 4H" - (3/8)Ses/3S16/3 + 3H20 S

For simplification, the total concentration of a dissolved chemical species (e.g., the sum of
Se03%, HSeOs', and H,SeOs) is denoted by the concentration of the dominant species (i.e.,
Se0s%) at pH 7.2, which is the pH value measured at the effluent of the flow cell; the total
concentration of selenium sulfides, Se-S solids consisting of the ring molecules SenSe-n, SenS7-n,
and SenSs-n,2! is denoted by the concentration of the dominant species (i.e., SenSs-n) identified by
Geoffroy and Demopoulos®.  We use fixed stoichiometric coefficients in SenSs.n, and denote this
solid as 368/3316/3 in reaction 5. This represents an average composition of SenSg.n molecules,
and the ratio of Se to S is consistent with the composition of the selenium sulfides produced in

Geoffroy and Demopoulos®.

12
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Governing equations

The model consists of mass balance equations for five dissolved chemical species, denoted as
Co,i (i = 1-5), two solid chemical species, denoted Csm (m = 1-2), and two biomass species,
denoted Cxn (n = 1-2). These species participate in reactions 1 through 5 (j = 1-5) given above.
Full details are given in the Supporting Information (Table S1). Reactive transport of the five
dissolved chemical species is simulated using the continuum-scale advection-dispersion-reaction

equation:

P 8°C,, . aC,, 6
E(¢CDJ):DT ay? -U a; +RD,i

The overall reaction rate Rp,;i for dissolved species i is a function of the rates of reactions 1
through 5, as shown in Table S1.  Longitudinal dispersion is neglected in the equation since
advection dominates over dispersion along the flow direction due to the short travel time in the
microfluidic flow cell.*? All parameters used in this paper are defined in Tables 1 (Model
inputs) and 2 (Model outputs). We use reasonable parameters from the literature for similar
conditions.  The reaction terms for all chemical species and biomass species are summarized in
the Supporting Information (Table S1). Biomass growth is simulated using the growth-decay

equation:??

13
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Precipitation of selenium sulfides (reaction 5) is described by the second order Kinetics in Pettine
et al.? and precipitation of elemental selenium is stoichiometrically related to biological selenite

reduction (reactions 3 and 4):

Initial conditions, boundary conditions, and numerical solution methods

The initial conditions, boundary conditions, and numerical solution methods are similar to those
in our previous work that simulated the microbial mediated reactive transport in microfluidic
flow cells.t” ® We modify them slightly by adding the numerical solution for the solid

chemical species and present the modified version in Supporting Information.

RESULTS AND DISCUSSIONS

Segregation of Two Solid Chemical Species

Figure 2 shows images of the flow cell on the 1%, 20", and 40" days after inoculation and
enrichment. Reaction products accumulated gradually in the mixing zone of the flow cell. To
obtain the pore-scale morphology of the reaction products, a representative part of the mixing
zone (downstream) in Figure 2a-c is magnified in Figure 2d-f. To avoid the impacts of small
fluctuations of inflow caused by the AC (alternating current)-powered syringe pump near the

inlet, we did not evaluate the mixing zone in this part of the micromodel. The fluctuation

14
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caused the mixing zone to move up and down in this area, and this smeared the distribution
pattern of reaction products. Instead, we focused on the mixing zone close to the outlet, where
the flow was fully developed and fluctuations were dampened. A similar phenomenon was

observed in our previous studies with microfluidic flow cells.*® ?’

To distinguish the reaction products, a color image of the representative part of the mixing zone
was taken on the 40" day (Figure 3). Two solid chemical species were produced and
segregated in the mixing zone. One was red spherical particles of diameters 2 um or less.
They were dominant on the selenite-rich side, and they aggregated to form “bridges” connecting
cylindrical posts and oriented in the flow direction. The morphology of these bridges seems to
overlap the biofilm morphology reported in other similar micro-fluidic flow cell experiments.!3
Bacteria stay in the bridge-shaped areas since the shear stress is smaller there.!®* The overlap
between biofilms and red particles suggests that these particles may be produced directly from
biological activity. The other type of precipitate was 10-50 um long crystals (Figure 3). They
were dominant on the propionate-rich side and were randomly distributed in pore throats and
bodies. Another representative section of the mixing zone from the same experiment (the end

of the mixing zone, shown in Figure S4) shows a similar distribution pattern.
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Characterization of the Two Solid Chemical Species

To characterize any products being created in the system, we filtered the effluent through a
membrane on the 36" day and assayed the retentate on the membrane using ESEM. We
observed small elemental selenium particles attached to bacterial appendages and surfaces
(Figure 4). The composition of the particles was confirmed by EDS tests (data not shown).
Selenium particles of similar size were reported in other studies of biological selenite reduction.®
46 The attachment of selenium particles to biomass further indicates that the particles are
closely linked to biological activity. No long crystals appeared in the effluent despite their clear

formation within the flow cell.

To further characterize the reaction products, we obtained Raman spectra of more than 50
locations in the mixing zone. Spectra corresponding to the three representative locations are
shown in Figure 5.  Figure 5a shows the spectrum for the red particles (Position 1 in Figure 3b).
It has only two peaks: one (262.5 cm™) for amorphous elemental selenium and the other (523.1
cm™) corresponding to silicon, the main elemental composition of the flow cell.?® Figure 5b
shows the spectrum for the long crystals (Position 2 in Figure 3c); all the peaks correspond to
selenium sulfides except the expected peak for silicon: 84.6, 155.4, 222.0, and 473.0 cm™
correspond to the S-S bonds; 357.5 cm™ corresponds to the Se-S bonds in the structure unit
-S-Sen-S- (n22); 379.2 cm* corresponds to the Se-S bonds in the structure unit —S-Se-S-; 262.5

cm™ corresponds to the Se-Se bonds.?> 2  Figure 5¢ shows the spectrum for a bridge-shaped
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aggregate (Position 3 in Figure 3b); this spectrum has all the peaks in Figures 5a and 5b, but the
highest and biggest peak is 262.5 cm™, suggesting the bridge-shaped aggregate is dominated by
amorphous elemental selenium with small amounts of selenium sulfides. The Raman spectra
suggest two pathways of selenite immobilization: one is elemental selenium formation through
biological selenite reduction and the other is precipitation of selenium sulfides due to abiotic

reaction between selenite and sulfide, a biological product of sulfate reduction.

To confirm the composition of the two solid chemical species in the flow cell we cut the flow
cell across the porous network so that the mineral precipitates could be directly observed in a
vertical cross section without obstruction from glass or silicon. The two types of chemical
precipitates were observed using ESEM, and their composition was determined using EDS.
Representative images of the two chemical solid species are shown in Figures 6a and 6b,
respectively. The EDS spectra of the two species are shown in Figure S2. While the red
particles only contained selenium, the long crystals contained selenium and sulfur at an atomic

ratio of ~0.55.  This ratio is close to the stoichiometric ratio of SeO3s*/HS" in Reaction 5 (0.5).

Explanation for the Segregation of the Two Solid Species
The reactive transport model was used to simulate the distribution of the two solid chemical
species. The results shown in Figure 7 are consistent with the experiment in terms of the

relative locations of the two solid chemical species. Elemental selenium and selenium sulfides
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precipitate in the mixing zone, with selenium sulfides distributed towards the bottom side (i.e.,
propionate-rich side) and elemental selenium towards the top side (i.e., selenite-rich side). The
segregation of solid chemical species is due to the spatial distribution of different bacterial
activities affiliated with different populations that lead to the generation of each type of selenium
precipitate observed (Figure 7): The selenite reducing bacteria (SeRB) growth zone overlaps
the elemental selenium precipitation zone, and the zone that has the highest concentration of
selenium sulfides contains populations of sulfate reducing bacteria (SRB). Two factors may
explain why most SRB grow on the propionate-rich side of the mixing zone. First, the
oxidation of propionate produces acetate (Reactions 1 and 3), which accumulates along the
centerline in the mixing zone (Figure S3d); this electron donor and carbon source promotes the
growth of SRB, which explains why SRB have the highest concentration in the mixing zone.
Second, SeRB outcompete SRB for the same electron donors (propionate and acetate) because
selenite reduction yields more energy and more growth as indicated by the reduction reaction
thermodynamics shown in Equations 9 and 10;2* this explains why the concentration of SRB is

higher on the propionate-rich side than on the selenite-rich side.

%SO}+§H*+e—>%HS+%HZO, AG =-24.0 kJ / mol 9
%SeO§‘+gH++e‘—>%Se°+%HZO, AG =-87.1kJ /mol 10
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The difference in thermodynamics is considered in the model by using higher biomass yield

coefficients for SeRB than for SRB (Table 1).

While the relative locations of the two chemical species in the mixing zone are consistent
between the experiment and the model, the absolute locations of the mixing zones are different.
In the model, the mixing zone is essentially symmetric about the centerline, but in the
experiment, the mixing zone curves towards the selenite-rich side. The difference may be
explained by a simplification in the model. In the experiment, selenium sulfides are long
crystals and they tend to precipitate towards the bottom side (i.e., propionate-rich side), which
slightly pushes the flow and the mixing zone towards the top side (i.e., selenite-rich side) in the
experiment. However, this flow direction change due to precipitation is not considered in the

model.

Implications of this Study

This study shows that selenite can be simultaneously immobilized through two pathways during
in-situ bioremediation. One is biological reduction to elemental selenium, and the other is
precipitation with sulfide that is produced by SRB. In our study, both pathways significantly
contributed to selenite immobilization, as shown in Figures 3 (experimental results) and 7
(simulated results). We anticipate that the contribution of each pathway would depend on

conditions such as concentrations of selenite, sulfate, and injected electron donor, the flow rate,
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and the characteristics of the porous media in a system. We do not quantify the contribution of
the two pathways in our study since we only have one set of experimental data, which are not
enough to support parameter optimization. This could be quantified in future research by
investigating selenite immobilization under a range of conditions, and could be systematically
studied by using reactive transport models with optimized parameters. Understanding the
contribution of each pathway is fundamental to designing in-situ bioremediation processes, and
incorporating both pathways into reactive transport models can increase the accuracy of model

prediction.
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numerical solutions for the model, one figure to show the distribution of dissolved chemical
species in the model, and three figures to characterize the solid reaction products in the
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Table 1 Model Inputs®

Symbols Description (Units) Values and References
Ki1=0.37%
K Half-maximum-rate concentration of dissolved chemical species i K2 = 0.054%
' (mol/m?) Ks = 0.02%°
Ks=0.78%
kmax,l,l = 3-328
kmax,l,3 = 3-328
kmax,2,3 = 5-028
- Maximum specific utilization rate of dissolved chemical species i in Kmax24 = 1628
at) reaction j (mol/mol CsH7O2N-d) Kmax31 = 2.5%8
kmax,3,2 =8.1%8
kmax,5,2 =8.1%8
kmax,5,4 =8.1%8
Kses Reaction coefficient for selenium sulfide production (m*/mol-d) 0.0057
Y1 =0.032%
. L - Y2 =0.013%
Yj Biomass yield in reaction j (mol CsH7O02N/mol electron donor) Ve = 0.052
3=0U.
Y4 =0.02%
b Decay coefficient of biomass (1/d) 0.02%8
X Biomass density (mol/m?) 35422
T di [ fficient of dissolved chemical [
D, ransverse dispersion coe |C|e2n of dissolved chemical species 0.0005°
(m“/d))
¢ Porosity of the porous media 0.39
U Flow velocity at the inlets (m/d) 8.4
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Cin1 =10
Cm,i Concentration of chemical species i in the influent (mol/m?) Cin2=5
Cin3=0.1

Notes:

a) The transverse dispersion coefficient mainly depends on the Peclet number (Pe): P, =UEI (I is the characteristic length of the
pore, 300 um), and it is estimated using the data in Acharya et al.3! and Delgado®.
b) We use subscripts i (1-5) and j (1-5) to denote the dissolved chemical species and reactions, respectively.
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Table 2 Model Outputs

Symbols Description Units
CD,i Concentration of dissolved chemical species i mol/m?
CX,n Concentration of biomass species n mol CsH70,N/m3
CS,m Concentration of solid chemical species m mol/m?
kD,i Overall reaction rate of dissolved chemical species i mol/m3-d
Ky Overall reaction rate of biomass species n mol/mé-d
Ks m Overall reaction rate of solid chemical species m mol/mé-d
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Figure 1. Flow set-up of the micro-fluidic flow cell experiment (a) and homogeneous pore
network in the flow cell.
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Figure 3. Distribution of reaction products on the 40" day of flow cell operation. a) Color
image of the pore area from Figure 2f; b) Representative reaction products on the selenite-rich
side of the mixing zone, dominated by red particles; ¢) Representative reaction products on the
propionate-rich side of the mixing zone, dominated by long crystals.
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Figure 4. Bacteria and elemental selenium particles at the flow-cell effluent. The effluent was
filtered by membrane and the retentate on the membrane was then imaged using ESEM.
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Figure 6. Representative ESEM images of pore cross-sections showing reaction products in the
pore space. The composition of the products was obtained from EDS, as shown in Figure S2.

35



0 80

20000

0 4 120 160 200 240 (mol Se’/m’)

40004
5 20007
=
z 0
5
220001

-4000-

( 5000 10000 15000
X axis (pm)
a) Amorphous elemental selenium
012345 6(mol C.H.ON/Mm’)

40004
5 20007
&
B 01
5
722000~

-4000-

5000 10000 15000 20000
X axis (um)
c) Selenite-reducing bacteria

Figure 7.

| [

0 5 10 15 20 25 30 (mol Se,S, /m’)

40001

2000~

Y axis (pum)
e

-20004

-40004

( 5000 10000 15000 20000
X axis (um)

b) Selenium sulfides

0 05 1 15 (molCHONmM)

5000 10000 15000
X axis (um)

d) Sulfate-reducing bacteria

Simulated distribution of solid reaction products on the 40" day. The two types of selenium precipitates were spatially

segregated (a, b) and the two bacterial species were also spatially segregated (c, d).
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