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Abstract

Understanding and predicting hydraulic and chemical properties of natural environ-
ments are current crucial challenges. It requires considering hydraulic, chemical and
biological processes and evaluating how hydrodynamic properties impact on biochem-
ical reactions. In this context, an original laboratory experiment to study the impact of5

flow velocity on biochemical reactions along a one-dimensional flow streamline has
been developed. Based on the example of nitrate reduction, nitrate-rich water passes
through plastic tubes at several flow velocities (from 6.2 to 35 mm min−1), while ni-
trate concentration at the tube outlet is monitored for more than 500 h. This experi-
mental setup allows assessing the biologically controlled reaction between a mobile10

electron acceptor (nitrate) and an electron donor (carbon) coming from an immobile
phase (tube) that produces carbon during its degradation by microorganisms. It results
in observing a dynamic of the nitrate transformation associated with biofilm develop-
ment which is flow-velocity dependent. It is proposed that the main behaviors of the
reaction rates are related to phases of biofilm development through a simple analytical15

model including assimilation. Experiment results and their interpretation demonstrate
a significant impact of flow velocity on reaction performance and stability and high-
light the relevance of dynamic experiments over static experiments for understanding
biogeochemical processes.

1 Introduction20

Worldwide leaching of agricultural-derived nitrate to groundwater represents a long-
term risk for groundwater quality (Khan and Spalding, 2004; Spalding and Exner, 1993).
In this context, natural attenuation of this compound by denitrification has been exten-
sively studied from the batch scale (Kornaros and Lyberatos, 1997; Marazioti et al.,
2003) to the aquifer scale (Clément et al., 2003; Korom, 1992; Tarits et al., 2006).25

However, a full understanding of denitrification processes in natural systems requires
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a structural description of the interactions between hydraulic, chemical and biological
processes at several spatial and temporal scales (Sturman et al., 1995). Whereas the
understanding of reaction kinetics is well developed for static experiments (Hiscock
et al., 1991; Korom, 1992), their understanding for dynamic experiments needs further
development and is critical as reactivity in complex natural media is partially driven by5

hydraulic heterogeneities (Tompkins et al., 2001). Effects of hydraulic heterogeneities
have been studied on reactive columns (Sinke et al., 1998; von Gunten and Zobrist,
1993) or on simple geometries such as pore networks (Thullner et al., 2002) and tubes
(De Beer et al., 1996; Garny et al., 2009; Lewandowski et al., 2007), and these stud-
ies are devoted to biofilm development related to reactivity processes (De Beer et al.,10

1996; Garny et al., 2009; Lewandowski et al., 2007) or hydraulic parameters (Beyenal
and Lewandowski, 2000; Garny et al., 2009; Lau and Liu, 1993; Stoodley et al., 1994).
Whereas the latter studies focus on conduit reactors at the centimeter scale (length and
diameter/thickness) with large flow velocities (102–103 mm min−1), Characklis (1981)
offers a global discussion on the influence of hydraulic conditions on biofilm develop-15

ment (shape, size and reactive layer) and nutrient availability. However, there is a lack of
knowledge about the direct impact of fluid velocity on bulk reactivity associated with bio-
chemical reactions. The latter aspect is critical as flow velocity may be a key-controlling
parameter in systems where mobile water interacts with a growing non-mobile biologi-
cal phase. This is particularly the case in aquifers where a broad range of flow velocity20

in pores and fractures is expected.
The global comprehension of hydrodynamic parameters’ effects on bioreactivity re-

quires an accurate understanding of their interactions at the laboratory scale. For this
purpose, we propose an experiment in plastic tubes that are equivalent to 1-D flow
systems where the geometry is perfectly known and the hydraulic parameters are well25

controlled. This is the most convenient configuration to assess the influence of hydro-
dynamic parameters, such as advection along a single flow line. In addition, it avoids
dealing with the flow complexity of columns that are a sum of processes occurring on
a large number of flow lines.
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In the experiment presented in Sect. 2, the reactivity evolution of nitrate-rich water
passing through PVC tubes is measured for different flow velocities. The hydrodynamic
dependence of the experiment results is studied in Sect. 3 and the relationship between
biofilm development and reaction processes is analyzed with a simple analytical model
in Sect. 4. The impact of flow velocity on biofilm properties and reaction efficiency is5

then discussed in Sect. 5.

2 Experimental set-up

2.1 Experimental concept

In order to reproduce conditions where the electron acceptor is mobile with water and
the electron donor comes from an immobile part, as it is the case for denitrification10

where nitrate flow with water and the electron donor (organic matter or minerals as
pyrite) comes from the soil or rock matrix, we propose an original experiment for the
study of biochemical reactions. Knowing that plastic compounds can serve as substrate
for heterotrophic bacterial growth (Mohee et al., 2008; Shah et al., 2008), we set up an
experiment where nitrate-rich water is in contact with “reactive” plastic tubes. In such an15

experiment, bacteria grow using carbon from the tubes and nitrates from the water re-
producing denitrification process with well-controlled experimental conditions. Whereas
column experiments are related to approximate equivalent parameters, the simple ge-
ometry of tube experiments enables us to know critical parameters such as the real
flow velocity and the flow/carbon-source contact area. By applying slow flow velocities20

(from 6.2 to 35 mm min−1) in small diameter tubes (2 mm), our experiment is a closer
reproduction of pore-scale (or fracture-scale) phenomena than existing open channel
experiments (Garny et al., 2009; Lewandowski et al., 2007). The presented plastic tube
experiment is an original and convenient experimental set-up characterized by the con-
trol of key experimental parameters that are usually not well defined. Although this ex-25

periment does not reproduce a natural reaction, it is a good representation of possible
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behavior between the mobile/immobile electron acceptor/donor during biochemical re-
actions that can occur in macropore soils or fractured aquifers. The water used in the
following static and dynamic experiments has been collected in the Ploemeur site (Brit-
tany, France) where natural denitrification has been observed (Tarits et al., 2006) and
the velocities used for the dynamic experiment are in the range of the velocities esti-5

mated in the Ploemeur site as well. Note that this site has provided water to the city
of Ploemeur since 1991 at a rate of 106 m3 per year (Jiménez-Martínez et al., 2013;
Leray et al., 2012) thanks to a contact zone between granite and schist (Ruelleu et al.,
2010). It also appears to sustain natural denitrification that seems to be enhanced by
flow dynamics of the aquifer (Tarits et al., 2006).10

Preliminary static (or batch) experiments enable us to identify “reactive” plastic
tubes that are able to release carbon to sustain heterotrophic development reactions.
150 mL of the water collected in the Ploemeur site (Brittany, France) is deoxygenated
and placed in glass flasks under an argon atmosphere with (1) no plastic tubes,
(2) Pharmed® and Teflon tubes, and (3) Watson Marlow® PVC double manifold tubes15

(named PVC tubes). Plastic tube fragments correspond to a mass of 8 g and a reactive
surface of 0.018 m2 and the experiments are conducted in duplicate that lead to similar
results. Nitrate concentration evolves only for the PVC tube experiments where nitrates
are completely consumed within 150 h with a production of organic carbon up to a con-
centration of 22.03 mg L−1 after 165 h (Fig. 1). Longer monitoring shows a release of20

organic carbon up to a concentration of 76.8 mg L−1 after 378 h. PVC tubes are thus
the carbon source of the observed denitrification reaction that does not depend only
on water compounds.

The medium inoculation occurs by bacterial attachment and we assume a com-
plete biofilm behavior without considering the diversity of microbial populations and25

their interaction. Part of the developing microbial population could come from the tubes
since no sterilization was done. Nevertheless, bacteria are supposed to mainly come
from the water since (1) they are naturally present in such groundwater (Bekins, 2000;
Bougon et al., 2009) and (2) several experiments of crushed granite and water from the
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Ploemeur site, using the same water, have showed denitrification processes (Ayraud
et al., 2006; Tarits et al., 2006).

2.2 Experimental conditions for dynamic experiments

After demonstrating the PVC tube reactivity with static experiments, dynamic exper-
iments were conducted. The latter experiments consist of (1) continuously injecting5

nitrate-rich water in PVC tubes and (2) monitoring nitrate consumption due to bacte-
rial development through nitrate and nitrite concentration measurements at the tube
outlets. The reactive plastic tubes used for the experiments have an inner diameter
of 2 mm and a length of 135 cm and new tubes are used for each experiment. These
experiments are performed in the dark at a constant temperature of 18 ◦C and oxygen10

measurements are done daily.
The nitrate-rich water (45 mg L−1) collected in the Ploemeur site (Brittany, France)

was not treated before the experiments. Although the water coming from the same
piezometer has been sampled at different dates within a year, no water chemistry
changes have been observed during this period. This water is almost free of organic15

carbon with a concentration lower than 0.5 mg L−1.
Prior to experimental use, the water is deoxygenated by Argon bubbling and then

maintained in anoxic conditions under an argon atmosphere in a high-density polyethy-
lene tank (whose non reactivity is controlled). The organic carbon concentration in the
injected water remains below 0.5 ppm during the whole experiment.20

The water delivered from the tank to the reacting PVC tubes passes through non-
reactive Teflon and Pharmed tubes placed in a peristaltic pump (Watson Marlow®;
Fig. 2) where the non-reactivity of the setup before the PVC tubes is checked during
all the experiments. The experiments are performed at four different flow rates corre-
sponding to the flow velocities v1, v2, v3 and v4 equal to 6.2, 11, 17 and 35 mm min−1,25

respectively, and are conducted in triplicate for each flow velocity. Such velocities imply
residence times in the tubes ranging from 40 min to 3 h and 40 min whereas the whole
experiment lasts more than 500 h.
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2.3 Analysis and methods

The experiments are monitored by a daily sampling of water inside the tank for the static
experiments and at the outlet of the tubes for the dynamic experiments. All samples
are filtered with a 45 µm Sartorius filter before analyses and major anions (NO−

3 , NO−
2 ,

SO2−
4 , Cl− and F−) are analyzed using a Dionex DX 120 ion chromatograph. Organic5

and inorganic carbons are analyzed every three days using a Shimadzu 5050A Total
Organic Carbon analyzer. The volume used for analyses (5 mL) is equal to the full
volume of the tube, here after named pore volume. It corresponds to a volume that
passes only once through the system and leads to a sampling protocol independent of
the flow velocity. Dissolved oxygen is measured using a WTW315i-CondOX probe and10

flow is measured daily by weighing at the tube outlet (its variations are below 2 % in
weighed mass).

3 Experimental results

The nitrate consumption per unit of volume at time t is defined as

∆CNO−
3
(t) = CIN

NO−
3

−COUT
NO−

3

(t), (1)15

where CIN
NO−

3
(g L−1) is the initial concentration in the flasks for the static experiments and

the concentration measured at the tube inlet for the dynamic experiments, and COUT
NO−

3
(t)

(g L−1) is the concentration measured at time t in the flasks for the static experiments
and at the tube outlets for the dynamic experiments.

Figure 3 represents the nitrate consumption ∆CNO−
3
(t) (Eq. 1) for the dynamic exper-20

iments where the results obtained with the flow velocities v1, v2, v3 and v4 are repre-
sented by full blue, dashed green, dashdot magenta and dotted red curves, respec-
tively. The presented values correspond to the values averaged over three replicates.
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All replicates show the same tendency and error bars represent the mean square de-
viation. Note that no evolution of the nitrate concentration in the tube inlet water has
been observed from daily measurements. Therefore nitrates concentration at the tube
inlet remains constant during the whole experiment (45 mg L−1).

For static experiments (Fig. 1), nitrate concentration in the flask decreases until com-5

plete consumption. On the contrary, dynamic experiments (Fig. 3) are characterized by
more complex reactive processes with first a linear increase of nitrate consumption
that seems to not depend on the flow velocity (dashed black curve), followed by ei-
ther a “relative” stabilization characterized by small variations (full blue and dotted red
curves) or a decrease (dashed green and dashdot magenta curves). The dynamic of10

nitrate consumption seems thus to be limited by different processes for flow-through
experiments. The identified phases are described in detail below and their relationship
to the development of biofilm observed during the experiments (Fig. 4) is studied in the
next section (Sect. 4).

3.1 Initiation of degradation processes (Phase 1)15

The first phase (dashed black curve, Fig. 3) corresponds to a linear increase of nitrate
consumption that is similar for the four flow velocities. Noticing that residence times
within the tubes are flow-velocity dependent, identical concentration at the tube outlets
corresponds to a greater reactivity for higher flow velocities.

In order to characterize the relationship between reactivity and the mass of nitrate20

brought into the system, we represent the nitrate reactivity evolution (in mg m−2 s−1)
with the number of pore volumes (Fig. 5). The similar main slope at the beginning of
the experiments shows that the consumption (or degradation) rate of nitrates depends
mainly on the quantity of water passed through the tubes (i.e. the number of pore
volumes) and that flow velocity impacts only the final behavior of the reactivity. The25

mass of nitrate consumed per pore volume is thus independent of the residence time.
At the beginning of the experiment biofilm develops as clusters from the millimeter to

the centimeter scale (Fig. 4a), and then spreads continuously along the tubes (Fig. 4b).
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During this first phase, the increase of the degradation rate with time can therefore
be related to biofilm development inside the tubes. As nitrate and organic carbon are
present at the tube outlets (where carbon concentration ranges from 6.5 to 21 mg L−1),
they are in excess in the system and cannot be considered as limiting factors. The
factor controlling this first phase for dynamic experiments is thus the bacterial growth5

rate leading to a total consumption of nitrate for the static experiments.

3.2 Stabilization and decrease (Phase 2)

The second phase (Fig. 3) is characterized either by a “relative stabilization” of nitrate
consumption (full blue and dotted red curves) or by a strong decrease (dashed green
and dashdot magenta curves). As carbon and nitrates (the main reactants) are still in10

excess at the tube outlets, their availability is not the limiting factor.
The transition from Phase 1 (described in the previous section) to Phase 2 depends

on the flow velocity. It corresponds to the maximum nitrate consumption (Fig. 3) that can
be reached for the three lowest velocities (full blue, dashed green and dashdot magenta
curves). Concerning the fastest velocity v4, the previously named “relative stabilization”15

corresponds to a succession of decreases and increases oscillating around a “relative
threshold”.

The nitrate reduction capacity during this phase seems to be controlled by the flow
velocity that can impact biofilm properties. The following section is dedicated to ex-
plaining the latter experimental observations by relating them to biofilm properties. The20

two phases previously identified are linked to several steps of the biofilm development
with specific flow-dependences.
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4 Linking biofilm properties and reaction processes

From the measurements of nitrate and nitrite concentrations in both static and dynamic
experiments, the present section aims to evaluate the biofilm properties and relate
them to the observed reaction efficiency.

4.1 Evaluation of biofilm properties5

4.1.1 Biofilm weight

Since the dynamic of biofilm development is likely important in the reaction rate evolu-
tion, we aim to evaluate the dynamic of produced biofilm mass during the experiments.
Continuous monitoring and complete quantification of the biofilm were not possible dur-
ing the experiment due to technical reasons. To counteract this problem, we propose10

to estimate the biofilm property evolution considering that the production of cells can
be calculated using the method of McCarty (1972) in which the quantity of produced
mass depends on the electron donor. For example, 0.24 g of cells is produced per gram
NO3-N removed for H2 (Ergas and Reuss, 2001; Ergas and Rheinheimer, 2004), 0.64 g
of cells in the case of sulfur (Sengupta and Ergas, 2006), and 0.45 and 1.21 g of cells in15

the case of methanol and acetic acid, respectively (Hamlin et al., 2008). Those authors
consider that the usual range of heterotrophic denitrification is between 0.6 and 0.9 g
of cells produced per gram of NO3-N removed. In the present study, and for demon-
stration purposes, we consider the mean value of the previous range, corresponding
to 0.75 g of cells produced per gram of NO3-N removed, or 0.17 g of organic matter20

produced per gram of nitrate consumed.
Note that the main uncertainty is then about N gasses (N2, NO) that are produced

but not measured. However, the corresponding reaction given by Eq. (2) in the case
of methanol (Hamlin et al., 2008) shows that, even if a considerable mass of cells can
be produced in comparison to the mass of nitrate removed, only a small fraction of25

nitrogen is assimilated in the cell and most of it is reduced to N2
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NO−
3 +1.08CH3OH+H+ → 0.065C5H7O2N+0.47N2 +0.75CO2 +2.44H2O. (2)

Assuming that 1 g of consumed nitrate allows the production of 0.17 g of organic matter,
we calculate the temporal evolution of the cumulative biofilm weight mbio (g) from the
NO3 and NO2 in and out fluxes as

mbio(t) = 0.17×MNO−
3
×nbio

NO−
3

(t), (3)5

where MNO−
3

(g mol−1) is the molar mass of nitrate and nbio
NO−

3

(mol) the total number of

nitrate moles used for biofilm formation until time t. The latter quantity depends on the

number of consumed nitrate moles ncons
NO−

3

(mol) and produced nitrite moles nprod

NO−
2

(mol)

as

nbio
NO−

3

(t) = ncons
NO−

3

(t)−nprod

NO−
2

(t). (4)10

For our calculations, these molar quantities are deduced from nitrate and nitrite con-
centration measurements. Thus, the total number of nitrate moles used for biofilm for-
mation until time t is expressed as follows.

For batch experiments:

nbio
NO−

3

(t) =


[
CIN

NO−
3
−C

OUT

NO−
3

(t)
]

MNO−
3

−
COUT

NO−
2
(t)

MNO−
2

× V , (5)15

and for tube experiments:
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nbio
NO−

3

(t) =

t∫
0


[
CIN

NO−
3
−C

OUT

NO−
3

(τ)
]

MNO−
3

−
COUT

NO−
2
(τ)

MNO−
2

×qdτ, (6)

where CIN
NO−

3
is the nitrate concentration defined in the previous section, COUT

NO−
3
(t) and

COUT
NO−

2
(t) (g L−1) are nitrate and nitrite concentrations, respectively, measured at time

t in the batch volume (batch experiment) and at the tube outlets (tube experiments),
MNO−

2
(g mol−1) is the molar mass of nitrite, V (L) is the water volume for the batch5

experiment and q (L s−1) the flow rate for the tube experiments.
Figure 6 shows the temporal evolution of biofilm properties characterized by the

cumulative biofilm weight mbio (in mg). The static input of the batch experiment (large
black curve) implies a stronger increase of the biofilm weight than the dynamic input
of the tube experiments (full blue, dashed green, dashdot magenta and dotted red10

curves). In addition, the batch experiment leads to a constant biofilm weight (last part
of the black large curve) due to the total consumption of nitrate present in the batch
volume.

At the end of the slowest experiment (velocity v1), the biofilm has been extracted from
the tube and its dry weight evaluated at 1.9 mg whereas the proposed model leads to15

a cumulative biofilm weight of 0.62 mg. Since this measurement is destructive, it can
be done only once at the end of the experiment. This difference is likely due to the
simplifications of the proposed model where potential biofilm loss by detachment or
decay and addition of suspended materials and extracellular polymeric substances are
not considered. Note that the latter phenomenon can increase the biofilm weight and20

that uncertainties remain concerning the relation linking cells produced per quantity of
consumed nitrate. However, the present study aims to conduct a qualitative analysis of
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the experimental results where we are particularly interested in the relative temporal
evolution of the biofilm properties and in their link to the reaction efficiency.

4.1.2 Biofilm thickness

For comparison with previous studies, we evaluate the average biofilm thickness bbio
by considering that biofilm forms a uniform cylinder stuck on the tube wall:5

bbio = R −
√
R2 − Vbio/πL, (7)

where R is the radius of the tube, L the tube length and Vbio the biofilm volume. The
latter is deduced from the biofilm mass mbio (Eq. 3) assuming a biofilm mass density
of 10 mg cm−3 (Williamson and McCarty, 1976). In order to obtain comparable results,
the same geometry is assumed for static and dynamic experiments. Note that biofilm10

thickness gives the same qualitative information as the biofilm weight and is introduced
here only for an easier comparison with existing studies.

As tube experiments are conducted for several flow velocities, the temporal evolution
of biofilm is potentially impacted by both the effect of flow on biofilm structure and the
mass of nutrient injected in the system over time. In order to focus on the interactions15

between flow and biofilm-structure properties, we study the biofilm evolution with the
quantity of nutrient input Ninput (g) defined as follow.

For batch experiments:

Ninput = CIN
NO−

3

× V (8)

and for tube experiments:20

Ninput(t) = CIN
NO−

3

×q× t. (9)

Figure 7 shows the evolution of the biofilm properties (characterized here by the biofilm
thickness bbio) with the quantity of nutrient input Ninput. The batch experiment (large
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black curve) leads to a fast consumption of nutrient because the small initial quantity of
nutrient is not enriched by new inputs. Concerning the tube experiments, the presented
results show that increasing the flow velocity leads to (1) smaller values of the biofilm
thickness per nutrient input unit, and (2) a slower evolution of the biofilm growth along
the quantity of injected nutrient. It implies that fast velocities result in a thinner (or less5

dense) “effective” biofilm, where “effective” means that the biofilm is assumed to be
homogeneous and of the same density for all experiments. This biofilm thickness can
also be interpreted as a “potential” thickness, as its estimate does not take into account
possible erosion and/or detachment processes.

By relating biofilm growth to the nitrate transformation rate, the next section aims to10

characterize how the evolution of biofilm properties is related to the flow velocity and
how the latter flow velocity impacts the reaction efficiency.

4.2 Linking biofilm growth and nitrate transformation

In order to illustrate the flow-dependent heterogeneity of biofilm structures and its po-
tential role on nitrate transformation, we calculate the rate of nitrate transformation Vtrans15

(mg m−2 s−1) and compare it to our estimate of biofilm thickness.
For the batch experiment, Vtrans is defined as

Vtrans(t) =
∆Cbio

NO−
3

∆t
× V
S

(10)

where ∆Cbio
NO−

3
(g L−1) is the concentration of nitrate transformed in biofilm during the

time interval ∆t and S is the reactive PVC surface in the batch and tube experiments.20

Note that the rate of nitrate transformation (Eq. 10) and nitrate reactivity (Fig. 5) differ
as the first one considers only the nitrate contributing to biofilm growth (assimilation)
whereas the second one considers all the consumed nitrate (reduction).
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The value of ∆Cbio
NO−

3
at time ti is evaluated by the following expression for the batch

experiment:

∆Cbio
NO−

3

(ti ) =
[
nbio

NO−
3

(ti )−nbio
NO−

3

(
ti−1

)]
×MNO−

3
(11)

where nbio
NO−

3
(ti ) (mol L−1) is the number of moles transformed in biofilm per unit of

volume until time ti and is expressed as5

nbio
NO−

3

(ti ) =
CIN

NO−
3
−COUT

NO−
3

(ti )

MNO−
3

−
COUT

NO−
2
(ti )

MNO−
2

. (12)

For the tube experiments, the interval time ∆t of expression 10 is set at the time re-
quired to travel along the tube by advection (from its inlet to its outlet) and leads to the
following expression

Vtrans(t) = ∆Cbio
NO−

3

× q
S

(13)10

where ∆Cbio
NO−

3
, the concentration of nitrate contributing to biofilm formation during the

interval time ∆t, is expressed as

∆Cbio
NO−

3

(ti ) =
[
nbio

NO−
3

(ti )−nbio
NO−

3

(t0)
]
×MNO−

3
(14)

where nbio
NO−

3
(ti ) and nbio

NO−
3

(t0) are defined by expression 12 with nbio
NO−

3
(t0) the value at

the tube inlet.15

Figure 8 shows the evolution of the nitrate transformation rate Vtrans (Eq. 10) as
a function of our estimate of the potential biofilm thickness bbio (Eq. 7) for the batch
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(black curve) and flow experiments (full blue, dashed green, dashdot magenta and
dotted red curves). From the latter results, the batch experiment is characterized by
a strong increase of the nitrate transformation rate when the biofilm thickness evolves
from 0 to 8.8 µm, followed by a strong decrease when the biofilm thickness is larger
than 8.8 µm. As expected for this case, biofilm growth is first fast and not limited by5

nitrate concentration; then, biofilm growth is limited by nutrient availability, as the total
quantity of nitrate is consumed at the end of the experiment.

Results presented in Fig. 8 show that the beginning of the flow experiments is char-
acterized by a similar strong linear increase of the nitrate transformation rate (dashed
black line). The nitrate transformation rate differs from the latter behavior when the10

biofilm thickness reaches the values of 0.16 and 0.41 µm for the flow experiments v1
and v2, respectively, and the value of 1 µm for the flow experiments v3 and v4.

After the previously described linear increase, the nitrate transformation rate asso-
ciated with the slowest flow velocity v1 follows two distinguished behaviors. When the
biofilm thickness is between 0.16 and 4.4 µm, the superposition of the large black and15

full blue curves shows that the relationship between the nitrate transformation rate
and the biofilm thickness is similar for the batch experiment and the flow experiment
v1. When the biofilm thickness is larger than 4.4 µm, the behavior of the two latter
experiments differs and the nitrate transformation rate is characterized by a relative
stabilization for the flow experiment v1.20

Increasing the flow velocity from v1 to v2 implies that the initial linear increase of
the nitrate transformation rate is observed until the biofilm thickness reaches the value
of 0.41 µm (instead of 0.16 µm for the flow velocity v1). When the biofilm thickness is
larger than 0.41 µm, the flow experiment v2 leads to a relative stabilization of the nitrate
transformation rate characterized by small variations in comparison to the initial linear25

increase.
Finally, the flow experiments conducted with the two fastest flow velocities v3 and

v4 lead to similar results. In both cases, the behavior of the nitrate transformation rate
differs from the initial linear increase when the biofilm thickness reaches the value of
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1 µm. When the biofilm thickness is larger than 1 µm, the nitrate transformation rate is
characterized by a series of strong variations that oscillate around a similar threshold
value.

5 Discussion

The evolution of the relationship between the nitrate transformation rate Vtrans and the5

biofilm thickness bbio for the batch and flow experiments (Fig. 8) enables us to ex-
tract information concerning the flow-velocity impact on reaction efficiency and on the
related biofilm properties.

5.1 Differences and similarities between static and dynamic experiments

At the very beginning of the experiments, the relationship between Vtrans and bbio is10

similar for the four flow experiments (black dashed curve). This first short-time phase
characterizes a phenomenon that initiates the reactive process, such as attachment
of cells by adsorption on the tube walls, followed by a strong linear increase of the
nitrate transformation rate related to biofilm growth. This fast evolution of the reaction
efficiency characterizes a fast modification of the biofilm/fluid reactive contact area that15

is not flow-velocity dependent for the studied range of flow velocities.
Concerning the flow experiment v1, the latter behavior is observed until the biofilm

thickness reaches the estimated value of 0.16 µm. After this value, and considering
bv1

bio the critical biofilm thickness set at 4.4 µm, the relationship between Vtrans and

bbio is similar for the batch experiment and the flow experiment v1 when bbio < bv1

bio.20

In opposition, when bbio > bv1

bio, the nitrate transformation rate keeps increasing with
the biofilm thickness for the static experiment whereas a relative stabilization is ob-
served for the flow experiment. In terms of interactions between hydraulic conditions,
biofilm properties and biological reactivity, the flow experiment v1 is thus characterized
by a first phase where the dynamic conditions do not impact the reaction efficiency25
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corresponding to a flow velocity too small to modify the structural properties of the
biofilm during its development. In the second phase, the conditions of the dynamic
experiment imply a stabilization of the biofilm reactivity that characterizes biofilm pro-
duction/loss equilibrium where biofilm loss is driven by processes such as decay and
erosion.5

Concerning the flow experiments v2, v3 and v4, the relationship between Vtrans and
bbio clearly differs from the batch experiment during the entire experiment. The three
experiments conducted with the fastest flow velocities are characterized first by a fast
linear increase of the reactivity with the biofilm thickness, and then by a relative sta-
bilization. During the initial linear increase and the beginning of the stabilization, the10

reaction efficiency is optimized under dynamic conditions conducted with large flow ve-
locities since the values of Vtrans observed for the flow experiments v2, v3 and v4 are
higher than the values observed for the batch experiment and the flow experiment v1.
However, the stabilization implies that the latter optimization breaks down when the
biofilm thickness is larger than 4 µm where the batch experiment presents high values15

of Vtrans.

5.2 Impact of flow velocity on reaction efficiency

Considering the same effective biofilm thickness bbio, the high reaction efficiency ob-
served at the beginning of the flow experiments v2, v3 and v4 reveals an optimization
of the biofilm/fluid reactive contact area due to specific hydraulic conditions. The lat-20

ter behavior characterizes the impact of specific phenomena on the biofilm properties
leading to an increase of its reactivity under dynamic conditions.

In relation to previous studies, it has been demonstrated that hydraulic constraints
can imply an increase of the biofilm height (Hornemann et al., 2009) due to the pres-
ence of secondary velocities that are perpendicular to the deposit surface and that gen-25

erate an upward shear force in the downstream side of the biofilm (Vo and Heys, 2011).
It results in a higher and heterogeneous biofilm structure that optimizes the biofilm/fluid
contact area and thus the efficiency of the denitrification process. In addition, it has
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been demonstrated that applying fast advective flows parallel to the deposit surface
leads to heterogeneous deposits of bacteria along the tube surface (Yu et al., 1999).
The latter phenomenon results in the formation of patch structures that have been
observed during the experiments (Fig. 4a) and where the biofilm/fluid contact area is
optimized in comparison to continuous structures.5

It is important to notice that these conclusions are in contradiction with some previ-
ous studies showing that fluid shear tends to compress the biofilm towards the surface
(Picioreanu et al., 2001; van Loosdrecht et al., 2002; Wanner et al., 1995). However,
the biofilm models and experiments of the latter studies are based on assumptions
that differ from our experiment, such as homogeneous and isotropic biofilm assumption10

(Picioreanu et al., 2001) or experimental conditions where flow is applied to a biofilm
grown without flow (Wanner et al., 1995). This demonstrates the complexity of the rela-
tionship between biofilm properties and hydrodynamic parameters, the importance of
model assumptions and experimental conditions, and the critical differences of biofilm
properties when the biofilm grows under static or dynamic conditions.15

5.3 Impact of flow velocity on reaction stabilization

After reaching its maximum value, the nitrate transformation rate oscillates around the
threshold value reached when the biofilm thickness is equal to 0.44 µm for the flow
velocity v2 and 1 µm for the flow velocities v3 and v4. The observed successions of
increase/decrease cycles of the nitrate transformation rate characterize repeated vari-20

ations of the biofilm/fluid reactive contact area, and thus of the biofilm structural proper-
ties. Increasing the flow velocity from v2 to v3 implies that (1) the transition between the
linear increase and the relative stabilization is observed at a larger value of the biofilm
thickness, (2) the nitrate transformation rate oscillates around a larger threshold value
and (3) the variations of the nitrate transformation rate around the latter threshold value25

are larger (which is observed as well when increasing the flow velocity from v3 to v4).
The transition from a linear increase to a relative stabilization starts by a slow de-

crease of the nitrate transformation rate after reaching its maximum value. The latter
9847
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decrease is observed when the biofilm thickness evolves from 1.4 to 3.2 µm for the flow
velocities v3 and v4 and characterizes a progressive variation of the biofilm structural
properties from an optimal configuration to a less reactive configuration. The transition
from patches (Fig. 4a) to continuous structures (Fig. 4b) observed during the experi-
ments is characteristic of the latter behavior where the patch structures optimize the5

biofilm/fluid contact area (and thus the reactivity) in comparison to continuous struc-
tures and where the transition from the first to the second kind of structures occurs
progressively with new deposits and/or bacterial growth that fill the spaces between
patches.

The large oscillations of the nitrate transformation rate observed for the flow veloc-10

ities v3 and v4 may characterize fast and important variations of the biofilm structural
properties due to flow-dependent phenomena such as detachment and reattachment.
The latter experiments correspond to hydraulic conditions with fast flow velocities that
can imply a strong heterogeneity of the structures due to upward shear forces and
heterogeneous deposits (as explained in the previous section). In relation to previous15

studies, it has been shown that the formation of heterogeneous structures implies the
presence of protuberances on the biofilm surface where microorganisms grow faster
and form tower-like colonies (Picioreanu et al., 1998). It leads to the presence of cavi-
ties where nutrients are not easily accessible and enhances the fragility of the biofilm,
and thus potential detachment. In addition, for strong shear stress (correlated to fast20

flows), the potential detachment promotes biofilm spatial heterogeneity by reattach-
ment (Stewart, 1993). The observed succession of decreases and increases might
thus be due to detachments and reattachments related to a strong heterogeneity of the
biofilm structures.

This study presents an interesting experiment to characterize the influence of flow25

velocity on biogeochemical reactions where the impact of flow velocity on reactivity is
demonstrated. We further propose a framework for its interpretation. Unfortunately it
was not possible to continuously monitor and characterize the biofilm due to technical
constraints. This should be performed in further studies on the topic. However, this
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study provides interesting insights on the interest of dynamic experiments over static
experiments as well as on the complexity of reactivity in dynamic conditions.

6 Conclusions

The presented experiment and analytical framework aim to characterize biochemical
reactivity in the case of mobile/immobile electron acceptor/donor under dynamic condi-5

tions to assess the influence of flow velocity on biologically constrained reaction rates.
This is done through an original experiment where nitrate-rich water passes continu-
ously through plastic tubes at several flow velocities (from 6.2 to 35 mm min−1). Flow
velocity appears to be a key factor for reaction efficiency and stability as experiments
conducted with the largest flow velocities are characterized by a fast increase of the10

reactivity rate until reaching a threshold where strong oscillations are observed. The
latter behavior characterizes an optimization of the biofilm/fluid reactive contact area
related to cell attachment and biofilm growth followed by equilibrium between bacteria
development and flow impact on the biofilm structures subject to decay/detachment
phenomena. In opposition, the same experiment conducted with a small flow velocity15

leads to a slow increase of the reactivity rate until reaching a stable threshold value.
The different behaviors observed between static and dynamic experiments show the

relevance of dynamic experiments for the understanding and characterization of bio-
geochemical processes in natural media. The presented dynamic experiments demon-
strate that the presence of flow impacts the reactivity rate behavior at different steps20

of the biofilm development with step-dependent effects of the flow intensity. In natu-
ral environments characterized by a broad range of flow velocities, such as soils with
macropores or fractured aquifers, the resulting heterogeneous reaction rates might im-
pact the global reactivity of the site. In addition, dynamic conditions related to long-time
pumping for water exploitation seem to have an impact on biogeochemical reactivity as25

observed in the Ploemeur site (Tarits et al., 2006) by enhancing the long-term reactivity
at the site scale. For fractured media, most of the denitrification process should occur
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within the fractures, as they are opened channels favorable to microbial development
and nutrient (i.e. nitrates) circulation (Johnson et al., 1998) where the electron donor,
such as pyrite, is present as a solid phase.

The presented study is a step for the understanding of heterogeneous and velocity-
dependent reactivity in both porous and fractured media. Although this experiment was5

designed with the example of denitrification in synthetic conditions, observations and
conclusions should be easily transposable to other applications.
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Figures  

 

Figure 1  Evolution of nitrates and total organic carbon in batch experiments. For the 

Bath 2 a value TOC of 76.8 mg/L has been recorded after 378 hours. 

 

Figure 1. Evolution of nitrates and total organic carbon in batch experiments. For the Bath 2
a value TOC of 76.8 mg L−1 has been recorded after 378 h.
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Figure 2 - Schematic representation of the experimental setup .The water is maintained 

under an argon atmosphere in a tank. The water passes through non-reactive tubes 

from the tank to the peristaltic pump and then through reactive tubes at different 

velocities. For each experiment, a non-reactive tube of the same length is used in parallel 

to assess the inlet concentration. 

 

Figure 2. Schematic representation of the experimental setup. The water is maintained under
an argon atmosphere in a tank. The water passes through non-reactive tubes from the tank to
the peristaltic pump and then through reactive tubes at different velocities. For each experiment,
a non-reactive tube of the same length is used in parallel to assess the inlet concentration.
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Figure 3 - Temporal evolution of the nitrate consumption  (mg/L) for the 

dynamic experiments conducted with the flow velocities  (full blue curve),  (dashed 

green curve),  (dashdot magenta curve) and  (dotted red curve). The presented 

values are the averages of 3 replicates where error bars represent the mean square 

deviation. 
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Figure 3. Temporal evolution of the nitrate consumption ∆CNO−
3
(t) (mg L−1) for the dynamic

experiments conducted with the flow velocities v1 (full blue curve), v2 (dashed green curve), v3
(dashdot magenta curve) and v4 (dotted red curve). The presented values are the averages of
3 replicates where error bars represent the mean square deviation.
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Figure 4 - Biofilm development in the tubes as a) millimeter and centimeter long clusters 

and b) continuous biofilm. 

 

Figure 4. Biofilm development in the tubes as (a) millimeter and centimeter long clusters and
(b) continuous biofilm.
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Figure 5 - Nitrate degradation rate versus the number of pore volumes for the batch 

(black curve) and tube experiments conducted with the flow velocities  (full blue 

curve),  (dashed green curve),  (dashdot magenta curve) and  (dotted red curve). 

 

Figure 5. Nitrate degradation rate versus the number of pore volumes for the batch (black
curve) and tube experiments conducted with the flow velocities v1 (full blue curve), v2 (dashed
green curve), v3 (dashdot magenta curve) and v4 (dotted red curve).
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Figure 6 - Temporal evolution of the total biofilm weight  (mg) for the batch (black 

curve) and tube experiments conducted with the flow velocities  (full blue curve),  

(dashed green curve),  (dashdot magenta curve) and  (dotted red curve). 
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Figure 6. Temporal evolution of the total biofilm weight mbio (mg) for the batch (black curve)
and tube experiments conducted with the flow velocities v1 (full blue curve), v2 (dashed green
curve), v3 (dashdot magenta curve) and v4 (dotted red curve).
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Figure 7  Evolution of the biofilm thickness  ( ) with the nutrient input  

(mg) for the batch (black curve) and tube experiments conducted with the flow velocities 

 (full blue curve),  (dashed green curve),  (dashdot magenta curve) and  (dotted 

red curve). 

 

Figure 7. Evolution of the biofilm thickness bbio (µm) with the nutrient input Ninput (mg) for the
batch (black curve) and tube experiments conducted with the flow velocities v1 (full blue curve),
v2 (dashed green curve), v3 (dashdot magenta curve) and v4 (dotted red curve).
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Figure 8 - Evolution of the nitrate transformation rate  (mg m
-2

 s
-1

) with the 

biofilm thickness  ( ) for the batch (black curve) and tube experiments conducted 

with the flow velocities  (full blue curve),  (dashed green curve),  (dashdot 

magenta curve) and  (dotted red curve). 

  

Figure 8. Evolution of the nitrate transformation rate Vtrans (mg m−2 s−1) with the biofilm thick-
ness bbio (µm) for the batch (black curve) and tube experiments conducted with the flow veloc-
ities v1 (full blue curve), v2 (dashed green curve), v3 (dashdot magenta curve) and v4 (dotted
red curve).
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