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Abstract in subsurface systems, biofilm may degrade organic or organometallic pollutants contributing
to natural attenuation and soil bioremediation techniques. This increase of microbial activity leads to
change the hydrodynamic properties of aquifers. The purpose of this work was to investigate the influence
of biofilm-induced heterogeneities on solute transport in porous media and more specifically on dispersiv-
ity. We pursued this goal by (i) monitoring both spatial concentration fields and solute breakthrough curves
from conservative tracer experiments in a biofilm-supporting porous medium, (i) characterizing in situ the
changes in biovolume and visualizing the dynamics of the biological material at the mesoscale. A series of
experiments was carried out in a flow cell system (60 cm?®) with a silica sand (® = 50-70 mesh) as solid car-
rier and Shewanella oneidensis MR-1 as bacterial strain. Biofilm growth was monitored by image acquisition
with a digital camera. The biofilm volume fraction was estimated through tracer experiments with the Blue
Dextran macromolecule as in size-exclusion chromatography, leading to a fair picture of the biocolonization
within the flow cell. Biofilm growth was achieved in the whole flow cell in 29 days and up to 50% of void
space volume was plugged. The influence of biofilm maturation on porous medium transport properties
was evaluated from tracer experiments using Brilliant Blue FCF. An experimental correlation was found
between effective (i.e., nonbiocolonized) porosity and biofilm-affected dispersivity. Comparison with values
given by the theoretical model of Taylor and Jaffé (1990b) yields a fair agreement.

1. Introduction

In groundwater aquifers, biofilm may degrade organic or organometallic pollutants contributing to natural
attenuation and soil bioremediation techniques. Biofilms are sessile communities of microorganisms that
are attached to liquid or solid interfaces, e.g., the pore walls of a water-saturated aquifer, and embedded
within a matrix of extracellular polymeric substances (EPS) that they have produced [Donlan and Costerton,
2002]. In flow systems such as lab columns or aquifers, biofilm growth is related to nutrient availability
which itself depends on nutrient concentration within the fluid phase and on the hydrodynamics. Investi-
gating the complex coupling between flow and microbial growth processes remains a major challenge for
studies of solute transport in biofilm-coated porous media. Due to the biological activity (growth and
metabolism), hydrodynamic related parameters in porous media may be impacted. As biofilm grows,
indeed, porosity and permeability decrease whereas the longitudinal and transverse dispersivities increase.
If we focus hereafter on the impact due to biomass accumulation, note that microbial production of gases
[Sanchez de Lozada et al., 1994] or biologically driven mineral precipitation [De Muynck et al., 2010] may be
other possible causes of clogging [Baveye et al., 1998]. This phenomenon leads to significant issues both in
environmental or engineering related applications, which include clogging of landfill leachate collection
system [VanGulck and Rowe, 2004] and impact of the biomass distribution on contaminant fate in ground-
water [Bielefeldt et al., 2002a, 2002b] or on remediation strategies [Sturman et al., 1995]. Conversely, benefi-
cial aspects may be also gained from such a biological plugging. The clogging of low-permeability zones,
for instance, may enhance oil recovery or improve wastewater quality for aquifer recharge [MacLeod et al.,
1988]. Charbonneau et al. [2006] suggest that biofilm in fractures may prevent or slow down the contami-
nant propagation in fractured subsurface formation. In a similar way, other authors [Ebigbo et al., 2010] have
proposed to biologically enhance subsurface sequestration of supercritical CO, by reducing permeability of
the caprock.
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Historically, a special focus has been put on the decrease of hydraulic conductivity with biofilm growth—
related to the reduction in pore interconnectivity—that has been intensively observed [Mitchell and Nevo,
1964; Torbati et al., 1986; MacLeod et al., 1988; Taylor and Jaffé, 1990a; Cunningham et al., 1991; Vandevivere
and Baveye, 1992a; Kim and Fogler, 2000; Thullner et al., 2002a, 2002b; Bielefeldt et al., 2002a, 2002b; Seifert
and Engesgaard, 2007; Karrabi et al., 2011]. This decrease in permeability caused by bioclogging, is due to
accumulation of biofilm materials in pores (that is to say microorganisms and polymeric substances). Torbati
et al. [1986] observed that biofilm plugged mainly the larger pores whereas, according to Nambi et al.
[2003], biomass development is preferentially dominated by shear stress rate. Impact of morphological
structure of the biofilm accumulation has also been questioned [Paulsen et al., 1997; Dupin and McCarty,
2000]. Abundance of EPS depends on microbial strain nature and physiology but they were found to drasti-
cally reduce permeability even at low concentration of EPS in porous medium if spatially distributed [Mitch-
ell and Nevo, 1964; Baveye et al., 1998; Vandevivere and Baveye, 1992b; Thullner et al., 2002a, 2002b]. For high
concentrations, formation of highly conductive channels within the porous medium has been observed
[Stewart and Fogler, 2001]. Thus, beyond the biofilm density (biofilm thickness), it is the spatial distribution
of biofilms and their morphology (sparse or continuous biofilm, filament-type biofilm) that influence porous
medium permeability [Paulsen et al., 1997; Nambi et al., 2003; Vayenas et al., 2002].

This spatial distribution of biofilm materials naturally impacts not only flow mechanisms but also the whole
transport process of solutes. More recently, dispersion was directly correlated with the biofilm extent in
porous medium [Taylor et al., 1990; Sharp et al., 1999; Engesgaard et al., 2006; Seifert and Engesgaard, 2007,
Yang et al., 2013]. The impact of biofilm growth on dispersion was visually shown through flow channeliza-
tion in several studies [Kildsgaard and Engesgaard, 2002; Oates et al., 2005; Sharp et al., 2005; Rockhold et al.,
2005; Seymour et al., 2007] due to bioclogging [Thullner et al., 2002a; Seifert and Engesgaard, 2007]. Disper-
sion increases up to 2 orders of magnitude for certain experiments [Taylor et al., 1990; Bielefeldt et al.,
2002a]. Here again biofilm spatial distribution more than biofilm density plays a crucial role on dispersive
properties of porous media. Results of column experiments reported by Bielefeldt et al. [2002a] support this
assumption. They observed an increase in dispersion for earlier stages of biofilm growth before decreasing
with biofilm maturation. Following the authors, this behavior results from the heterogeneous distribution of
biofilm forming bacteria during the early stage of development, which becomes more uniform with time.

To summarize, biofilm-induced heterogeneities impact solute transport at two scales: (i) at the pore scale
where the existence of a fluid/biofilm interface leads to different characteristic times of transport in both
phases, i.e., advection and diffusion in fluid phase on one hand and diffusion in biofilm phase (if channeliza-
tion is neglected in biofilm structure) on the other hand [Orgogozo et al., 2013]; (ii) at the Darcy scale (i.e.,
mesoscale or core scale) where nonuniform biofilm development creates preferential flow paths. Better
understanding on this issue—crucial if we wish to drive in situ bioremediation techniques toward a better
control of permeability and mass transport properties—has been gained from the above mentioned stud-
ies. Nonetheless, two major criticisms should be raised. First of all, experimental monitoring for most of the
studies was performed in columns and hence, limited to solute breakthrough curves. An improved insight
on in situ biomass distribution has come from advances in microbiology methods (genetically marked or
bioluminescent bacteria) and noninvasive observation techniques: light transmission method [e.g., Yarwood
et al.,, 2002] for 2-D porous media and microscopy-based method [Leis et al., 2005], magnetic resonance
microscopy [Seymour et al., 2004a, 2004b, 2007], or X-ray tomography in 3-D [/ltis et al., 2011; Davit et al.,
2011]. Unfortunately, most of them were limited to postmortem observations or remained purely qualitative
[lltis et al., 2011; Davit et al., 2011]. Very few studies succeeded to acquire change of spatial concentration
fields in a biofilm-coated porous medium over time [Yarwood et al., 2002; Rockhold et al., 2005; Seifert and
Engesgaard, 2012]. Second, and above all, biofilm related parameters (e.g., biofilm thickness, volume frac-
tion, EPS, and/or bacteria concentration) were usually obtained postmortem, i.e., through destructive tech-
niques. In particular, the biofilm volume fraction or biovolume, denoted by ¢, which is a key parameter to
investigate and analyze the complex coupling involved with fluid flow and mass transport processes, is
practically never measured or at least, not locally. Several studies [Taylor and Jaffé, 1990a, 1990¢; Cunning-
ham et al., 1991] have related changes in porosity to measurement of biofilm thickness although this
parameter is highly space dependent (biofilm heterogeneity) and requires destructive sampling of the
porous material. VanGulck and Rowe [2004] have disassembled their experimental column to measure the
drainable porosity within each section. Other authors have used measures of permeability reduction to
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estimate approximately the changes in porosity from comparison with numerical simulations [Dupin and
McCarty, 2000; Thullner et al., 2002a; Charbonneau et al., 2006] or from empirical relations relating both
parameters [Seifert and Engesgaard, 2007]. Cunningham et al. [1991] and Bielefeldt et al. [2002a] have com-
puted the average effective porosity of the column from breakthrough curves but failed to distinguish the
combined retardation effect of the tracer due to diffusion and adsorption into the biofilm. These effects of
diffusional loss of tracer into the biomass were evaluated further by Seifert and Engesgaard [2007] using a
constant retardation factor. More recently, Seifert and Engesgaard [2012] used this method to correct mea-
surement of the average porosity of a 2-D porous medium from dye tracer injections.

The purpose of this work is to investigate the influence of biofilm-induced heterogeneities on solute trans-
port in porous media with a particular focus on changes in longitudinal dispersivity. The originality of this
study is twofold: (i) to monitor both spatial concentration fields and determine solute breakthrough curves
through conservative tracer experiments within a flow cell at different stages of biofilm growth, (ii) to pro-
pose a relevant technique for in situ biovolume characterization and visualize the dynamics of the microbial
biofilm at the mesoscale. This latter method is based on tracer experiments with the Blue Dextran macro-
molecule, which has already been employed to evaluate time residence distribution in submerged filters
[Jiménez et al., 1988] or for ex situ determination of biovolume in batch experiments [Di laconi et al., 2004]
but was never used for in situ measurement of biofilm volume fraction in porous media to the best of our
knowledge. Combination of these porosity measures with changes in dispersivity over time provides a
unique insight on interactions between biofilm growth and flow and transport processes in porous media.

2. Materials and Methods

2.1. Porous Medium

A 2-D glass flow cell of dimensions 10 cm X 10 cm and thickness 0.6 cm has been used for the experiment.
It was packed with a homogeneous porous material made of silica sand (CAS Number 14808-60-7, Sigma-
Aldrich) with particle size 50-70 mesh (210-297 um of grain diameter). The grain size in the range of fine to
medium sand is typical of alluvial aquifer material. This type of carrier was found to be suitable for support-
ing biofilm growth and showed no significant adsorption of the dyes (Brilliant Blue FCF and Blue Dextran).

A constant sand mass of 78.32 g was retained during the filling procedure. The initial porosity ¢ after packing
was measured by volume balance and a value of 0.40 = 0.01 was obtained. A series of tracer injection experi-
ments was conducted later (cf. section 2.6.) and comparison with numerical simulations led to the same estimate
(¢=0.40). The hydraulic conductivity of the packed bed was also determined and was about 4 X 10~ % m/s.

2.2. Experimental System

The experimental setup is illustrated in Figure 1. It was designed for both biofilm cultivation and tracer
injection experiment. The flow cell has a mixing reservoir to ensure a uniform injection and prevent bio-
plugging of the inlet or channeling effect due to injection ports (Figure 2). A gear pump (Ismatec, MCPZ Pro-
cess IP 65) equipped with a magnetic head (Micropump, P/N 82092 1006 model O/C GAX21.CFSB) drives
fluid through the experimental cell to a waste container. A bubble trap is used to limit air bubbles passing
through the flow cell. These individual components are connected by sterile C-Flex tubing (internal diame-
ter: 0.125 mm, Cole-Palmer, 6424-67), valves, and different triple-inlet connectors (PP/KYNAR LUER, 88084).
After packing, flow cell and tubings are initially autoclaved at 121°C for 15 min. Valve manifolds are steri-
lized chemically with biocides (Amphospray 41, Anios) and rinsed with sterile deionized water. Fluid tanks
and stock solutions are also autoclaved prior to use. Experiments are operated in a temperature-controlled
chamber (30°C) during biofilm growth.

First, carbon dioxide (CO,) was flushed into the porous medium. A gas filter (=0.22um) was connected to
the flow cell inlet for filtering the incoming CO, and prevent any microbial contamination. Saturating the
flow cell with CO, avoids air bubbles trapped in the porous medium when saturation with water begins.
Next, the flow cell is slowly purged with 0.9% NaCl solution of sterilized water to avoid bacterial cell lysis
until complete saturation.

2.3. Bacterial Culture
Shewanella oneidensis MR-1 an aerobic/facultative anaerobic gram-negative bacterial strain was used to grow
biofilms. It was initially grown on agar plates prepared with 25 g L' of Luria Broth-Miller and 15 g L' of agar
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Figure 1. Experimental setup.

(BD Difco). A startup bacterial suspension was prepared with a single colony from agar plates. The colony was
inoculated into LML+F medium (LML solution supplemented with fumarate as electron acceptor) at pH 7.4
and at 30°C with shaking at 250 rpm [Teal et al., 2006]. Then 400 mL inoculum was prepared. For this purpose,
four sterile flasks of 250 mL each, containing 100 mL of LML+F were replicated with the previous bacterial
suspension and incubated at 30°C with shaking at 160 rpm. The incubation was stopped after approximately
3-4 h when the optical density at 600 nm (ODg) reaches 0.2, which corresponds to a bacterial concentration
of ~10® bacteria mL™". Bacterial suspensions in the four flasks were next transferred under sterile conditions
into a 1 L sterile flask equipped with flow tubes.

2.4. Biofilm Formation

To allow the biofilm formation in
the flow cell filled with porous
medium, the 1 L flask containing
the bacterial suspension was con-
nected to the flow system under
aseptic conditions, and bacterial
suspension was circulated until five
pore volumes of inoculum went
through the porous medium. This
ensured that the whole porous
medium was saturated by bacterial
suspension. Then, the system was
let at rest for at least 1 h. Finally,
Luria Broth-Miller (1.5 g/L) nutritive
broth was used as electron donor
and was supplemented with 20
mmol/L of fumarate as electron
acceptor. This solution was continu-
Figure 2. Flow cell features. ously supplied with the pump. The
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flow cell system was operated for 29 days under a continuous flow rate of nutrient (Q=8><10‘2 cm3s™! ) The
flow rate was chosen to generate high shear stress throughout biofilm growth so that bacterial detachment
was minimized during tracer tests. Changes in flow cell transparency was checked at regular intervals through
the measurements of the blank absorbance (i.e., the absorbance of the flow cell saturated with 0.9% NaCl
solution). No local decrease of gray-level intensity (i.e., no local increase of transparency) was ever observed
that could indicate any significant biomass detachment.

2.5. Tracer Injection Experiment and Image Processing

At t=0, 17, and 29 days, conservative tracer injections were carried out for characterizing both dispersivity
and biovolume within the flow cell. Visible light transmission method was used for these measures. A
Princeton Instruments® PI-MAX3 (16 Bits, 1024 X 1024 pixels) digital camera, aimed perpendicular to the
cell, was employed throughout the experiments to follow spatial and temporal changes of tracer concentra-
tion within the porous medium. This intensified Couple Charge Device (CCD) camera was controlled with a
Princeton Instruments® WinSpec/32, Version 2.5.25.2 software. Since a dyed tracer was used, the CCD cam-
era lens was supplemented with a band-pass filter 600-650 nm (Laser Components SAS®, Type 628BP50
SHO/128571 G.F). The transparent cell was back lighted with a LED light source during images capture.
Note that a peculiar attention was given to the backlighting system so that a homogeneous and constant
light intensity was provided during all the experiment. Two different conservative tracers (Brilliant Blue FCF
and Blue Dextran prepared with 0.9% NaCl solution) have been used for biovolume and dispersivity mea-
surement. It should be emphasized that Brillant Blue was used as an ideal pollutant to explore the impact of
the biofilm phase on the fate of a miscible contaminant plume. On the contrary, Blue Dextran was only
used to investigate and quantify the presence of biomass within the flow cell, i.e., the biofilm volume frac-
tion which was a crucial parameter for interpreting our experiments. It could not have been considered as
representative of the behavior of a classical pollutant due to its high molecular weight. Before tracer injec-
tion experiments were performed, a calibration was required for converting raw images of light intensity
obtained with the camera into concentration field using Beer-Lambert law. If this procedure is classical,
additional complexity stems from the changes induced by biofilm growth on the light absorption properties
of the porous medium (the light intensity of raw images of the porous material decreases of up to 40,000
gray levels between t=0 and t=29 days). In other words, a pixel-by-pixel calibration is required for each
tracer and before each injection experiment (i.e,, at t = 0, 17, and 29 days) for correcting intensity variation
due to biofilm and light source inhomogeneity. A separate linear calibration curve for each pixel from the
CCD camera is thus obtained by measuring the light intensity for a series of standard solutions of known
concentration. Calibration and injection experiment have been conducted for both tracer over a 2 day
period but this lapse of time between dispersivity and effective porosity measurement was assumed negli-
gible when interpreting data.

First series of tracer injection experiments were performed with Brilliant blue FCF (Acros Organics, CAS
Number: 3844-45-9, 1.« = 625 nm) as conservative tracer. Two different injection flow rates have been
considered, respectively, Q=1.33X10"2cm3s™' and Q=8X%10"2cm?s™ " (v=2.2X10"3cms ' and v=1.33
X1072cm s~ for the corresponding flow velocities), in order to investigate changes in dispersivity with
pore water velocity v, and biofilm growth. Note that these two parameters are not independent since pore
water velocity increases over time due to bioplugging (for the same flow rate). For each flow rate, 420
images were automatically captured at regular time interval. The time step was chosen so that five pore vol-
umes of dye solution pass through the porous medium. This volume of solution was found to be sufficient
to saturate the entire flow cell with the dye. Before each tracer experiment, the porous medium was washed
with 0.9% NaCl solution in order to get a blank as similar as possible to the calibration one. Each series of
420 raw RGB images was processed with a Fortran 90 computer code, and gray-level matrix (1024 X 1024
pixels) has been converted into 2-D concentration field. Finally, breakthrough elution curves were recon-
structed from these data fields at the outlet (i.e., x=9 cm). Note that effluent measurements could not be
carried out for comparison due to the mixing within the outlet reservoir (presence of dead zones). However,
mass balance was checked against imaging results and a very good agreement was obtained (98% of the
total mass recovered during injection tests).

Two specific issues were faced during the experiments in biotic conditions and need to be mentioned. First,
a constant concentration at the inlet of the flow cell cannot be ensured during tracer injection. Indeed, a
complete mixing within the inlet reservoir (Figure 2) is essential to this purpose. Although several pore
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volumes of the dye solution have been flushed through the inlet reservoir and homogeneity of dye concen-
tration was checked by absorbance measurement with spectrophotometer at a wavelength of 625 nm, a
ramp effect has persisted at the inlet of the system. This experimental artifact needed to be considered dur-
ing data analysis. Second, the impact of high biocolonization on pixel-by-pixel calibration curves led to light
intensity variation of several thousands of gray levels over a few decades of pixels. The nonlinear impact of
the biofilm growth on the attenuation coefficient of the biocolonized material for a given pixel made
impossible to relate explicitly the decrease in intensity to the volume fraction of biomass. Moreover, this
overall decrease of medium transparency combined with strong pixel-to-pixel fluctuations of optical density
yielded a quality decrease (low regression coefficient values) of calibration curves for certain pixels as bio-
film gets more and more mature. To minimize this experimental bias, images have been postprocessed
using a spatial-smoothing algorithm with a running window low-pass filter. A 16-pixel window was found
to be the best compromise to assure low noise and reduce loss of information.

2.6. Biofilm Monitoring

Complementary information has been collected to provide a complete and accurate picture of biofilm dis-
tribution within the flow cell. First, qualitative measurements were carried out by capturing raw images of
the flow cell with the CCD camera. By image differencing with the initial snapshot of the porous medium,
changes in transparency are exhibited and indicate whether biofilm is present and the zones of preferential
growth. Local images of biofilm-coated grains were also captured with the AZ100 Multizoom Microscope
(Nikon Instruments Inc.).

In addition to these measurements, an original method to quantify biofilm volume fraction in situ has been used.
The objective is to determine directly the effective average porosity from the breakthrough curves between two
successive cross sections of the flow cell. This approach has been already employed by Cunningham et al. [1991],
Bielefeldt et al. [2002a], and Seifert and Engesgaard [2012], but the use of “classical” miscible tracers (Bromide or
bromothymol blue dye) has biased their analysis. The implicit assertion, indeed, that the tracer injected does not
penetrate within the biofilm but flows only through the mobile phase (bulk pores) has no real physical justifica-
tion. The originality of our approach lies in the use of a macromolecule, i.e,, Blue Dextran (CAS Number: 87915-38-
6, Sigma-Aldrich), a high molecular weight anionic compound (Mw= 2 X 10° g/mol) classically used in the deter-
mination of the void volume for gel-filtration chromatography columns (e.g., in Persson et al. [2006]) and assumed
by analogy not to adsorb nor to diffuse into the biofilm phase. Additional information about this dye and about
the assumptions related to our measurement method can be found in Appendix A.

For each stage of biofilm growth, tracer experiments were carried out both with Brilliant blue FCF (already
described in upper sections) and Blue Dextran. Biovolume measures are carried out as follows. Tracer injec-
tion experiment is performed with the Blue Dextran dye and breakthrough curves are calculated at different
cross sections, each 1 cm apart from the other (between x=2 and x=9 cm). Calibration was previously
done as detailed in section 2.5. Then, the velocity of the center of mass of these elution curves is deter-
mined using the classical definition of residence time for a step injection [Luckner and Reissig, 1979] and the
average effective porosity ¢, (x) between two successive cross sections is given by:

_Q
- 5v,(x)

&(x) M

where S is the flow section area (6 cm?) and v, (x) the cross-section averaged pore water velocity in the x
coordinate direction. Finally, biovolume ¢, (x) and effective porosity ¢,(x) are related by the following
relationship:

eo(X)=e—e,(X) )

with ¢ the initial porosity of the flow cell (¢=0.40).

3. Results and Discussion

3.1. Biofilm Monitoring
In order to follow the porous medium colonization by the biofilm, raw images were collected up to 29 days.
As shown on Figure 3, which summarizes some of the relevant growth periods, the porous medium
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Figure 3. CCD camera raw images showing biofilm growth evolution in porous medium versus time.

transparency decreases as biofilm thickens throughout the experiment. At the end of the experiment
(image d, Figure 3), the significant decay in gray-level intensity (at least —10,000 and down to —40,000
from the initial gray level value of the CCD, that is 65,000) indicates that a total coverage of the porous
medium was achieved at day 29, even if stratification exists. Areas close to nutrients source (i.e., the first
third of the porous medium from the bottom of the flow cell) are less transparent (low gray level) than top
areas. Similarly, biomass development is characterized by a wavy front of propagation close to the inlet
(image b and c in Figure 3). Position of low-intensity zones coincides with the location of the three injection
ports connected to the upstream of the mixing reservoir. These observations suggest that the injection is
not perfectly uniform and high and low shear stress zones subsist. However, it should be noted that these
wavy biofilm layers tend “to homogenize” as the biomass front propagates inside the porous medium
(image d, Figure 3). If the results of observations from microscope after 29 days (Figure 4) do not allow to
clearly show the biofilm distribution, it is apparent that the outlines of the individual grains of sand near the
inlet (Figures 4g—4i) are practically not distinguishable in comparison with top section grains (Figures 4a-
4c). This visible difference between top and down sections supports the assumption of biofilm colonization
with a biomass gradient within the flow cell along the flow direction.

Additional insight on biocolonization has been gained from tracer injections using the Blue Dextran macro-
molecule, as described in section 2.6. On the basis of the hypothesis that Blue Dextran does not adsorb nor
penetrates in biofilm, the effective porosity—as measured with the tracer elution curve—is presumed to
decrease with biofilm growth in porous medium. To verify this hypothesis and characterize the longitudinal
variation in porous medium colonization by biofilm, tracer experiments were carried out with Blue Dextran
at three physical stages of biofilm: (i) without biofilm (t=0 day), (ii) with 17 day biofilm, and (iii) with 29 day
biofilm for Q=1.33X10"2cm3s™! (Figure 5a).
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Figure 4. Observations of biofilm-coated porous medium with microscope AZ100.

Between the inlet of the flow cell and x=4 cm, results are not physically consistent and cannot be inter-
preted (data not shown). Calculations lead to values of the effective porosity at t=0 day (theoretically equal
to the total porosity) higher than the porosity ¢ as measured initially. This discrepancy decreases as the cross
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Figure 5. Evolution of the effective porosity (a) with Blue Dextran and (b) with Bril-
liant Blue FCF for Q=1.33X10"2cm3s~".

section is further away from the inlet.
We think that this experimental error
is mainly caused by the injection
condition (ramp injection) since the
concentration of tracer at the system
inlet does not change abruptly from
0 to Cpnax as in a classical step injec-
tion. This change in dye mass
between two cross sections leads to
a bias in dispersion measurement at
early times (see the discussion on a
similar issue during interpretation of
tracer experiments with continuous
mass injection in Mainhagu et al.
[2012]). Moreover, this first part of
the flow cell is also the most bio-
colonized with the presence of pref-
erential flow channels that may
affect the analysis of breakthrough
curves. Thus, the aberrant values of
effective porosity within the first

4 cm could be due to the influence
of boundary conditions and to the
disturbances caused by strong bio-
clogging of the porous medium near
to the inlet section. In other words,
the medium is so heterogeneous
that non-Fickian transport prevails
and equation (1) cannot be applied
[Golfier et al., 2011].
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Beyond x=4 cm, the influence of boundary conditions becomes negligible and bioclogging decreases. We
recover a Fickian behavior and thus found consistent values for the effective porosity. At t=0 day, we obtain
as expected a constant value of porosity (¢=0.40+0.02) similar to the one measured from volume-balance
analysis. Two striking results emerge from measurements at t=17 and 29 days (Figure 5a). First, for both
stages of biofilm maturation, curve analysis indicates a globally constant value of ¢,(x). This plateau sug-
gests a relative homogenous biofilm colonization of porous medium along the flow direction. Obviously,
these measurements give no indication about bacterial distribution in the transverse section and preferen-
tial flow path may still exist. This finding is also consistent with direct observations with the CCD camera,
suggesting a biomass gradient only in the first centimeters (Figure 3). The second finding is that the aver-
age value of effective porosity decreases with biofilm growth, which is in agreement with our hypotheses.
This behavior suggests a significant biocolonization of the system during the 29 day experiment. Indeed,
average biovolume values calculated from breakthrough curves lead to &, = 0.11 (i.e., &,=0.29 or 28% of ini-
tial pore volume colonized) and ¢, = 0.2 (i.e., &,=0.2 or 50% of initial pore volume) at day 17 and day 29
respectively. So high values are rarely reached in experimental studies of solute transport in biofilm-coated
porous media, except in Seifert and Engesgaard [2012].

In order to support these results and the validity of our analysis, the same methodology has been applied
to breakthrough curves of a tracer of low molecular weight, herein Brilliant Blue FCF (Figure 5b), for the
same flow rate. Due to propagation and diffusion of this tracer within the biofilm, the three measures yield
the same value—corresponding to the initial porosity e—regardless of the biofilm thickness and this result
is consistent with the condition of local mass equilibrium [e.g., Golfier et al., 2009]. Indeed, when the charac-
teristic time for transport in the fluid phase t, is of the same order of magnitude as (or higher than) the
characteristic time for diffusion within the biofilm t,, small macroscale concentration gradients only exist in
both phases. The total pore volume participates in flow and a single balance equation (and a single concen-
tration) can be used for describing solute transport. A quick estimate of characteristic time scales confirms
this assumption since we have:

I 5

t,=-—~2s; t,= =%~ 0.3s 3
=, Vo= Do (3)

with /, the characteristic length scale for the fluid phase (about 100 um, estimate based on the grain size), /,,
the characteristic length scale for the biofilm phase (between 5 and 10 um assuming a uniform coating of
the grains), v, the average pore water velocity (about 5X1073 cms™1), and Dpe=6X10"6 cm?s ™.

Comparison with Figure 5a confirms that variations in effective porosity values in the presence of Blue Dex-
tran are not due to an experimental artifact and justify the validity of our experimental measurement
method.

In conclusion, the Blue Dextran method we developed here appears suitable for porous media experiments
since it gives access to spatial evolution of biofilm. The current measurements should lead to a better inter-
pretation of coupling effects between microbial growth and solute transport.

3.2. Breakthrough Elution Curves and Dispersivity Measurement

3.2.1. Influence of Biofilm on Flow Path

Two-dimensional distributions of the Brilliant Blue FCF concentration were imaged at t=0, 17, and 29 days.
Representative concentration fields of each tracer injection experiments are represented in Figure 6 at the
two flow rates for the reduced time t; 5, i.e., after 0.5 pore volume of dye solution was injected.

In the absence of biofilm and for both the injection rates, the packed porous material is homogeneous and
we recover a classical hydrodynamic behavior close to plug flow. The front of solute plume remains globally
planar even if some slight effects of injection port position and walls appear. As mentioned previously,
these experimental flaws are probably caused by the injection method. Indeed, there may be a default of
mixing in the reservoir at the entrance of porous medium. This default of mixing may then induce heteroge-
neities in solute initial concentration at the entrance of porous medium.

As biofilm grows, heterogeneities of porosity and hydraulic conductivity appear and start to impact the
propagation of the plume. For the lowest flow rate (Q=1.33X10"2 cm3s™ "), after 17 days of growth, solute
concentration is mostly localized in the center of the flow cell. Low concentrations of solute appear also
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Figure 6. Plume of Brilliant Blue FCF at (a) Q=1.33 X 10 2cm>s ' and (b) Q=8 X 10" 2cm® s~ . Images show the solute plume arriving
at the middle of the measurement zone. From left to right, the first column shows images of solute plume in the flow cell without biofilm,
the second column presents images of solute plume for a17 day biofilm, and the last column for a 29 day biofilm.

along flow cell walls. These observations suggest the appearance of preferential flow paths and thus reveal
zones of high concentration of biomass. This phenomenon could be due to heterogeneous clogging of the
section of entrance and/or steel sieve (which separates porous matrix and liquid in the reservoir) as previ-
ously shown on Figure 3¢, which shows the evolution of biofilm in porous medium at day 17. Indeed, a
cross analysis of Figures 3c and 6a clearly gives evidence of two zones of high bioclogging between chan-
nels of concentration. After 29 days, on the contrary, heterogeneities in solute concentrations are still
noticeable but the path of solute is completely different than for the 17 day mature biofilm. A more homo-
geneous propagation of solute concentration is observed with peaks appearing near flow cell walls rather
than in the central longitudinal section. By analogy with previous observations, we interpret this new spatial
distribution of dye concentration as a modification in clogging of entrance section between t=17 and
t=29 days. This behavior is a feature of growth of biotic or nonbiotic aggregates in porous media (e.g., same
trend is usually encountered in precipitation processes). Indeed, the development of initial zones of thick bio-
film leads to formation of preferential flow paths (behavior at day 17). After 17 days, nutritive solution obvi-
ously follows the same preferential flow paths than the tracer dye. This favors the bioclogging of sections
initially less colonized whereas the biofilm in sections previously clogged remains constant or decays due to
the lack of available nutrients. Ultimately, this competition leads to a progressive homogenization of the sys-
tem. This result differs from that of Kildsgaard and Engesgaard [2001, 2002] that reported a cyclic bioclogging
of a porous medium. This is probably due to sloughing effects which are negligible in our case.

At first sight, results shown in Figures 5b and 6a could appear to be contradictory. Actually, these figures
characterize two distinct behaviors. The flow cell can be seen as a two-zone medium: a first region, close to
the inlet, highly colonized and strongly heterogeneous and a second region where biofilm growth is quite
uniform and Fickian transport regime is recovered. Figure 5b characterizes the solute transport within the
porous medium between two consecutive cross sections located within the “homogeneous zone” while Fig-
ure 6a shows the solute front after it has flowed through the first half of the flow cell (including the highly
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colonized zone). In other words, this fingering effect, as we can see in Figure 6a, appears during the first
centimeters of the plume migration and characterizes the impact of the “heterogeneous zone” on solute
transport. Once formed, these fingering remain and are moved through the bed.

At high flow rate (Q=8%10"2cm?3s™, Figure 6b), the same behavior is generally observed for both the 17
and 29 day mature biofilms. However, the spatial distribution of solute concentration is found to be more
homogeneous at this flow velocity. This suggests potential slight shearing or erosion of biofilm in highly
clogged zones for this flow rate. In any case, if erosion occurs, detachment rate should be a priori quite low
since, between two steps of tracer injection, nutrients and washing solutions are circulated through the
flow cell at this velocity in order to accustom biofilm to high shear stress.

3.2.2. Dispersivity Measurement
Breakthrough elution curves at x=9 cm are reported in Figure 7. These results are expressed as reduced
concentrations ¢* versus time t. Here the concentration ¢* is defined by

g (T Cmin @)

where ¢ is the averaged-cross-section concentration and ¢, and Cmayx are, respectively, the average mini-
mal and maximal experimental concentrations of solute in the section of interest.

The analysis of Figure 7 corroborates the influence of biofilm growth on dispersive properties of porous
medium, as observed by several researchers both experimentally [Taylor and Jaffé, 1990b; Bielefeldt

et al., 2002b] and theoretically [Golfier et al., 2009; Wood et al., 2011]. Indeed, longitudinal dispersion is
found to increase with increasing biomass development. Similar behavior is obtained for the two flow
rates. The jump of concentration and the slope variation for the lowest flow rate at t=29 days (Figure 73,
green curve) is probably due to a variation of the flow rate during the tracer injection. To quantify the
extent of this phenomenon, longitudinal dispersion has been estimated from measured breakthrough
curves using a 1-D convection-dispersion model. Simulations are performed over a domain of 8 cm
length. Due to uncertainty around the physical boundary condition at the inlet, the domain size has
been shortened by 2 cm. Instead, experimental breakthrough curves at x=xo=2 cm have been intro-
duced into the model using a time-evolving concentration profile ¢;,;(t) as artificial boundary condition.
In this way, we discard the impact of the inlet condition and only measure the changes in dispersion
associated to biomass growth in porous media. An example of such time-evolving conditions is shown
in Figure 8. Governing equation for solute transport and associated initial and boundary conditions are
detailed below:

at o a 2
¢(x,0)=0 (6)
§(L t)=0 (7)
ox

E(X()7 t) :ij(t) (8)

where e=¢,+¢, represents the initial porosity and v is the average Darcy velocity. It is worthwhile to men-
tion that Fickian transport is considered here. This assumption of local mass equilibrium (no mass transfer
limitation between fluid and biofilm phases as in a mobile-immobile model for instance) is usually valid for
biofilm-coated porous media at low flow rates [Golfier et al., 2009] and may be arguable here. Anyway, we
will adopt this approximation in the present work since we will focus only on the determination of the
experimental value of D;. Note that if the local mass equilibrium condition is verified, the breakthrough
should occur in the same time for the three elution curves (for the same flow rate). The discrepancy
observed in Figure 7b is mainly due to the time-evolving injection condition (caused by the ramp effect at
the inlet), which vary between 17 and 29 days. Extensive comparison with numerical simulations and fur-
ther investigation about the Fickian/non-Fickian behavior of solute transport in the presence of biofilm will
be discussed in a following paper. One-dimensional simulations were computed with COMSOL Multi-
physics®. Numerical parameters are fitted by comparison of the predicted breakthrough curves with
observed data at x=9 cm. Note that these adjustments were conducted manually, without using optimiza-
tion methods (e.g., linear regression method).
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Figure 7. Brilliant Blue FCF breakthrough curves at x = 9 cm for different biofilm matu-
ration stages at (a) Q = 1.33 X 10~ 2 cm®/s and (b) Q = 8 X 10~ 2 cm?/s. Numerical sim-

ulations fitted with experimental results are represented in dashed lines.

Longitudinal dispersion values
determined from numerical simula-
tions are collected in Table 1. In the
purpose of exhibiting physical
parameters pertinent to this study,
injection tests can be also reported
as a function of Péclet numbers Pe,
defined as

_ Vilpore

Pe DBIue (9)
Using the molecular diffusion coef-
ficient value of the dye,
Dgiue=6X10"%cm?s™", and the
average diameter of the grains as
pore-scale characteristic length
(loore=2.97X10"2 cm), the corre-
sponding Péclet values are given in
Table 1.

Changes in dispersion are plotted
in Figure 9 as a function of biovo-
lume and flow injection rate. First,
we notice an increase of dispersion
with biovolume, at a given flow
rate. In a similar way, at constant
effective porosity, the classical
dependence of dispersion with
pore water velocity is observed. As
biofilm grows, it coats more and
more the solid carrier leading to
grains thicker and hence, an
increase of pore water velocity and
medium tortuosity. This increase of
tortuosity and local velocity field

results in increase of dispersion at the macroscopic scale. The discrepancy observed after 29 days is signifi-
cant and corresponds to about an order of magnitude for a reduction of pore volume by a factor 2. Results
can be more easily interpreted in terms of dispersivity. Following Bear [1972] and assuming molecular diffu-
sion negligible, longitudinal dispersion can be expressed in a general way as
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Figure 8. Example of time-evolving boundary conditions measured experimentally

atx=2cmand Q=8 X 10~ 2 cm?/s for t = 0, 17, and 29 days.

D
D} = =o;Pe" (10)
DBIue

with D} and oy, respectively, the reduced
longitudinal dispersion and dispersivity
and n the Péclet exponent (n = 2 for the
Taylor dispersion case). Calculations of o]
and n are reported in Table 1.

From our computations, the Péclet
number dependence obtained for

the flow cell system yields a quasi-
constant value of n = 0.85, regardless
the biofilm thickness. Only the disper-
sivity varies. This exponent value, close
to 1, indicates a well-packed bed sys-
tem close a real disordered porous

KONE ET AL.

©2014. American Geophysical Union. All Rights Reserved.

9114



@AG U Water Resources Research 10.1002/2013WR015213

medium. Variation of o with biofilm growth
Table 1. Experimental Values of Longitudinal Dispersion and Dis-

persivity Measured at Different Stages of the Biofilm Maturity suggests a uniform coating of grains by biologi-
Flow  Péclet D, cal material without abrupt change of pore

Biofilm Maturation Rate Number (cm’s™') of n interconnectivity (quasi-constant value of n).

Without biofilm (t=0) Low 26 2X10% 195 087 Calculation of dispersivities using nonreduced
High 165 107 values can be more easily interpreted and leads

J7cey el Low 40 5x107% 392 083 to an increase from 8X1072t0 8.5X 10" cm
High 213 2x103 . . o

2 st Low 51 2x10~% 104 088 over 29 days (using n = 1 for sake of simplicity).
High 316 1072 The initial value, of the order of the grain size, is

physically consistent with a lab-scale system of
homogeneous packed bed. The change in dispersivity observed after 17 and 29 days characterizes the
occurrence and development of biofilm-induced heterogeneities. Sharp et al. [1999] have reported disper-
sivity increase from 35 to 288% due to formation of Pseudomonas aeruginosa biofilm on glass beads. Similar
range of dispersivity values were obtained by Seifert and Engesgaard [2007]. Bielefeldt et al. [2002a] have
observed the same behavior for multispecies biofilm growth on silica sand with an increase up to 1 order of
magnitude. Only Taylor and Jaffé [1990b] have noted more important changes in dispersivity with values
higher by a factor 100-1000 relative to the initial value for flow-through experiments in sand column. How-
ever, their measures did not agree very well with the theoretical correlation proposed by their model.

To illustrate the interest of this experimental relationship between changes in dispersivity and porosity, a
comparison with theoretical predictions of Taylor and Jaffé [1990b] model is provided in Figure 10. As
emphasized in section 1, this kind of coupled data are practically nonexistent or at least, porosity estimates
are characterized by a significant experimental bias. Taylor and Jaffé’s model, based on a cut-and-random-
rejoin-type description of the porous medium, is a very rare attempt for predicting influence of biofilm
growth on dispersivity and pore volume. Model forecasts are constrained by the value of the pore size dis-
tribution index / that characterizes the uniformity of pore throats [Brooks and Corey, 1964]. For comparison
purpose with our experimental measures, we used 1=2, typical value for a porous bed with homogeneous
pore sizes (same value is used by Taylor and Jaffé for their experiment in sand column). Figure 10 indicates
an excellent agreement between theory and experiment. This agreement should be relativized, yet, due to
the uncertainty around the 4 value. Theoretical prediction with 2=1 is illustrated in Figure 10 to emphasize
this point. It is also worth to be noted that the Taylor and Jaffé model, based on the assumption of a homo-
geneous biofilm growth, tends to fail for highly heterogeneous material [Vandevivere et al., 1995]. The uni-
form grain-size distribution of our porous bed could thus explain the good agreement observed with the
theory.

For the sake of simplicity, a straightforward function relating dispersivity increase to porosity reduction can
be also proposed under the following form:

k(%) an
o) (t=0) &
102 . Constant values k,=1.0 and f=—2.3
e Q=133102cmist are estimated by linear regression.
= Q=8102cmisl Such simplified expressions can be
easily introduced into numerical
. . models of groundwater

bioremediation.

N

<
&
.

[

. 4. Conclusions and
Perspectives
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The influence of biofilm growth on
104 ' ' ' flow and transport parameters in

0 0.1 0.2 0.3 0.4 porous media has been investigated
in this work. Understanding the influ-
ence of changes in dispersivity with
Figure 9. Changes in dispersion as a function of biovolume and flow injection rate. biofilm growth is a key point for

Effective porosity ¢,
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100 - predicting mixing processes in sub-
surface, which drives biodegrada-

--- Taylor and Jaffe (1990) - . =2 tion efficiency. The main outcomes
--- Taylor and Jaffe (1990) - A =1 of this study are (i) an original

. A Experimental data method for measuring in situ the

. volume fraction of biomass and (ii)

N, in-time observation of the evolving

10 - flow paths and tracer plume propa-

NN gation with biofilm growth.

0)

NN . Biocolonization of the sand-filled
N flow cell has been monitored dur-
Sel A ing 29 days, and the related

Sl T changes in effective porosity and

4 longitudinal dispersivity have been

0 0.2 0.4 0.6 0.8 1 measured. As expected, biofilm for-
Porosity reduction &,/ & mation has markedly modified the
flow paths and firmly impacted sol-
ute mixing within the flow cell. The
measurement method of biovo-
lume was based on a similar approach as used in gel-filtration chromatography and revealed a homogene-
ous and significant (up to 50% of the initial pore volume) bacterial development along the flow direction.
Unlike the results of Rockhold et al. [2005] or Oates et al. [2005] but for lower biofilm volume fractions, our
study revealed a real difficulty in the monitoring of solute concentration by optical techniques due to the
presence of biomass. A pixel-by-pixel calibration prior to each tracer injection coupled to a postprocessing
step was required to image dye concentration fields. From these two data sets, an experimental correlation
relating biomass occupation to biofilm-affected dispersivity values was achieved. Such experimental data
are very unique and results can be applied as input data of numerical models designed to simulate decon-
tamination scenario and biodegradation efficiency assessment.

Dispersivity increase o / oj(t

Figure 10. Comparison of dispersivity increase as a function of porosity reduction
between experiment and theory [Taylor and Jaffé, 1990a, 1990b, 1990c].

Comparison of the dispersivity-porosity relationship with theoretical calculations of Taylor and Jaffé [1990b]
has been achieved and excellent agreement was recovered which confirms the reliability of the measure-
ment. Similar comparison with the values of biofilm-affected dispersion predicted by upscaling develop-
ments, e.g., from the volume averaging method [Golfier et al., 2009; Orgogozo et al., 2013], could be made
and provide significant support for validation of these theoretical works. Impact of biofilm growth on Fick-
ian/non-Fickian behavior of solute transport and development of mass transfer limitations within the bio-
logical layer also needs to be questioned. These two points will be the subject of further investigation
through a thoroughful comparison with numerical simulations.

Appendix A: Features of the Blue Dextran Dye and Comments on the Biovolume
Measurement Method

The blue Dextran molecule is composed of Dextran, which is a polymer of anhydroglucose, and Reactive
Blue 2 dye (approximately mmol/g Dextran), which is attached randomly to hydroxyl groups along the Dex-
tran chain. The Blue Dextran is a high molecular weight compound (Mw = 2 X 10° g/mol) classically used in
the determination of the void volume for gel-filtration chromatography columns (e.g., in Persson et al.
[2006]). Basically, gel-filtration chromatography is a technique which separates on the basis of size, proteins,
peptides, and oligonucleotides. The principle is to let molecules move through a bed of porous beads in
order to diffuse into the beads. Besides the weight and three-dimensional shape of each kind of molecule,
the diffusion degree will be crucial in separation process. Smaller molecules, i.e., molecules whose size is
smaller than gel beads, diffuse further into the pores of the beads and thus move through the bed more
slowly. On the contrary, larger molecules enter less or not at all inside the gel beads, and thus, move
through the bed more quickly. Macromolecules such as Blue Dextran are totally excluded and hence, classi-
cally employed to determine the total volume of void within the column. Gels beads may be polysaccha-
rides, which are basic components of biofilm EPS. By analogy, we assumed that Blue Dextran had the same
behavior in the presence of both biofilm and gel beads.
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Note that the property of nonadsorption and nondiffusion of Blue Dextran in biofilms due to the anionic
nature and high molecular weight of the tracer was already assumed in Jiménez et al. [1988] to evaluate
time residence distribution in submerged filters or in Di laconi et al. [2004] but for ex situ determination of
biovolume in batch experiments. Moreover, preliminary injection tests coupled with measurements of light
absorbance have confirmed that Blue Dextran do not stay permanently in the flow cell after breakthrough
and flushing with clean solution.

To the best of our knowledge, Blue Dextran was never used for in situ measurement of biofilm volume frac-
tion in porous media. If the above mentioned research papers support our assumption, several concerns
specific to our experimental method could be raised and required to be addressed. First, gel beads used in
filtration chromatography possess a well-calibrated microporosity whereas biofilms may possess different
level porosity, some of them being potentially greater than the size of Blue Dextran molecules. However,
even if such macroporosities exist inside the biofilm growing in the flow cell, the small diffusion coefficient
of the Blue Dextran macromolecule (Dpextran=8.3X10"8cm2s~" from Kommedal et al. [2006]) leads to diffu-
sion characteristic time in microbial phase largely higher than the residence time. Consequently, this point
should not have a significant impact on our measurement. Second, Blue Dextran may be biodegraded by
bacteria. However, Kommedal et al. [2006] observed biodegradation kinetics of Dextran polymers to be
inversely proportional to their molecular weights. Due to the high molecular weight of our dye, we can
assume that biodegradation is negligible.
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