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HIGHLIGHTS

» We investigated the biofilm physical structure and its detachment mechanisms.
» Anoxic conditions favor the formation of homogeneous biofilm structures.

» Detachment of large particles occurs for all biofilms and dominates biomass loss.
» An increasing roughness induces an increase in the size of detached particles.

» Biofilm models should consider discrete volume detachment of large particles.
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1. Introduction

ABSTRACT

This study aims at evaluating the mechanisms of biofilm detachment with regard of the physical prop-
erties of the biofilm. Biofilms were developed in Couette-Taylor reactor under controlled hydrodynamic
conditions and under different environmental growth conditions. Five different conditions were tested
and lead to the formation of two aerobic heterotrophic biofilms (aeHB1 and aeHB2), a mixed autotrophic
and heterotrophic biofilm (MAHB) and two anoxic heterotrophic biofilms (anHB1 and anHB2). Biofilm
detachment was evaluated by monitoring the size of the detached particles (using light-scattering) as
well as the biofilm physical properties (using CCD camera and image analysis). Results indicate that vol-
ume erosion of large biofilm particles with size ranging from 50 to 500 um dominated the biomass loss
for all biofilms. Surface erosion of small particles with size lower than 20 um dominates biofilm detach-
ment in number. The extent of the volume detachment events was governed by the size of the biofilm
surface heterogeneities (i.e., the absolute biofilm roughness) but never impacted more than 80% of the
mean biofilm thickness due to the highly cohesive basal layer. Anoxic biofilms were smoother and thin-
ner than aerobic biofilms and thus associated with the detachment of smaller particles. Our results con-
tradict the simplifying assumption of surface detachment that is considered in many biofilm models and
suggest that discrete volume events should be considered.

effects on production systems and/or on water quality [2], the ex-
tent of biofouling [3] or also system performances [4]. But the

Detachment is a key process in biofilm systems that influences mechanisms of biofilm detachment are not well understood and
pathogen spreading [1], release of particles that have detrimental still need to be evaluated for further improved modeling of biofilm
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systems [5]. To what extent are different physical structures of bio-
films associated with similar detachment mechanisms is not clear.
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idence Time (SRT), which controls the growth of slow-growing
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and understanding the detachment mechanisms is thus required
to better predict the spatial distribution of the microbial popula-
tion and their associated microbial activities.



Different mechanisms induce biofilm detachment, e.g, erosion
and sloughing [6]. Erosion is a continuous process that affects
the entire biofilm surface and detaches small particles [4]. Slough-
ing is a discrete and local detachment of particles with size similar
to the biofilm thickness [4]. Sloughing thus affects the biofilm up to
its basis and differs from erosion by its frequency and extent. De-
spite this size-dependant definition of these two detachment pro-
cesses, only a little is known about the extent and frequency of
erosion and sloughing. The distinction may be arbitrary since a
wide range of biofilms can experience with detachment of broad
distribution of particles size [6]. However, only few studies aimed
at quantifying the extent and frequency of the different detach-
ment mechanisms [1,7]. These studies were in addition either per-
formed on young and thin biofilm [1] or with filtration of the
particles that may induce a bias in the measurement [7]. Also, none
of these studies aimed at identifying detachment mechanisms with
regard of the initial biofilm physical structure, which limit the
understanding of the detachment mechanisms.

Erosion and sloughing have been hypothesized to result from a
combination of internal biofilm processes and shear and normal
forces exerted by moving fluid in contact with the biofilm surface
[8]. But the biofilm structure seems to be one of the central deter-
mining factors in biofilm detachment [9]. The biofilm physical
structure, e.g. the presence of biofilm surface heterogeneities, lo-
cally increases the shear stress acting on the biofilm matrix and
resulting in detachment [9]. If biofilm detachment mechanisms
are influenced by the biofilm physical structures, it is then hypoth-
esized that different biofilm physical structures should be associ-
ated with different detachment processes in terms of extent and
frequency.

Both hydrodynamic and environmental growth conditions
influence the biofilm structure formation [10,11]. An increasing
loading rate applied under a stable shear stress induces the forma-
tion thicker and rougher biofilms [5,11]. The nature of the electron
donor and acceptor also influence the biofilm thickness and its
roughness [12,13]. Anoxic biofilms are smoother and thicker bio-
films than aerobic biofilm that are characterized by a thin but
rough structure. If different biofilm structures develop depending
of the environmental growth conditions, it is then hypothesized
that detachment properties (extent and frequency) of the corre-
sponding biofilms would be different. A better understanding of
the link between the environmental growth conditions (aerobic
vs anoxic), the resulting biofilm structure and the detachment
properties is thus required.

The main objectives of this study were (i) to quantify the extent
and frequency of the detachment processes for different types of
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biofilms developed under a wide range of environmental conditions
and (ii) to link the properties of detachment process with the biofilm
physical structures (iii) to better understand how does the potential
of bacterial growth in the deep biofilm layers (due to anoxic condi-
tions), influence the biofilm physical structure and in turn the
mechanisms of detachment. Biofilms were developed under con-
trolled hydrodynamic conditions in Couette-Taylor reactors. Five
biofilms were cultivated under various growth conditions in terms
of electron donor, electron terminal acceptor, COD/TKN ratio in or-
der to develop different physical structures. Both the physical prop-
erties of the detached particles and of the residual biofilm structures
were monitored using light-scattering and image analysis over a
long-term period of several months. The detachment mechanisms
in terms of extent and frequency were then evaluated with regard
of the physical structure of the biofilm.

2. Materials and methods
2.1. Experimental setups for biofilm growth

Biofilms were cultivated in Couette-Taylor Reactors (CTRs)
(Fig. 1). The CTR consisted in a pair of concentric cylinders of
200 mm high. The rotating inner cylinder had a radius of
100 mm (Ri). The fixed outer cylinder had a radius of 115 mm.
Polyethylene supports for biofilm growth were fixed on the outer
cylinder. The hydrodynamic stress was governed by the size/width
of the gap between cylinders and by the rotational speed of the in-
ner cylinder. Two different correlations were used to determine the
corresponding values of the wall shear stress [14,15]. Low shear
stress values of either 0.1 or 0.5 Pa was applied in this study.

Smooth rectangular plastic plates made of Polyethylene were
used as substratum for the biofilms. The total surface available
for biofilm growth was 0.117 m? corresponding to 26 plates. Plates
were fixed to the reactor wall using screws. A first peristaltic pump
was used to inject the feeding solutions. Silicon tubing was used
for the connections. A second peristaltic pump insured the recircu-
lation of the liquid through an aeration chamber. Oxygen concen-
tration higher than 8 mg O, L~! was maintained for the growth of
biofilm under aerobic conditions. For anoxic growth conditions a
cover was kept in contact with the liquid to limit the oxygen trans-
fer and thus maintain an oxygen concentration lower than
0.1 mg 0, L' in the bulk liquid. Hydraulic Residence Time (HRT)
was 1day in all experiments. Reactor surfaces and tubing were
mechanically cleaned and exchanged, respectively, to avoid biofilm
growth outside of the plates.
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Fig. 1. Experimental setup including (a) the tank filled with the feeding solution, (b) the Couette-Taylor reactor, (c) the aeration chamber with pH and oxygen probes and (d)

the data aquisition system.



2.2. Experimental growth conditions

The reactors were inoculated with conventional activated
sludge from a laboratory-scale reactor. Five different growth condi-
tions were applied in this study as detailed in Table 1.

The monitoring of the biofilm structure and detachment
properties was performed once stable removal efficiencies were
observed (in terms of COD removal and nitrification efficiencies).
The time needed to reach this steady state slightly changed
depending of the growth conditions but was usually close from
45 days. Monitoring of the physical properties of the biofilms and
detached particles was performed between days 60 and 120.

2.3. Growth regime characterization and associated measurements

2.3.1. Growth regime characteristic parameters
The use of Y50, [16] and ysno3 Was introduced to evaluate the
growth regime under aerobic and anoxic conditions, respectively:
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In Egs. 1 and 2, Ds, Doy, and Dyos define the diffusion coefficients for
organic substrate, oxygen and nitrates (in m? d~!). S, So2 and Syo3
represent their respective concentrations at the biofilm surface
(Ly) in gCODm 3, g0, m > and g NO;N m3, respectively. Yier o2
and Yyt nos define the aerobic and anoxic heterotrophic conversion
yields expressed in g CODg O,' and in gCODg NO;—N',
respectively.

2.3.2. Analytical methods for the growth regime characterization

Ammonia (NHj), nitrite (NO; ), nitrate (NO3 ) and COD were dai-
ly measured in the inlet and in the outlet of the CTRs. The ammonia
concentration was measured using the Nessler method (AFNOR,
NFT 90.015). Nitrite and Nitrate were measured by spectrometry
(AFNOR, NFT 90.012). The COD was measured using test tube re-
agent sets (Hanna Instruments).

2.4. Detachment processes and associated measurements

Various methods have been developed to characterize the
detachment processes. A first approach consists in characterizing
the physical structure of the biofilms i.e. its roughness, average
and local thicknesses [2,12]. A second approach consists in charac-
terizing the size distribution of the detached particles [1,7]. In this
study both the physical structure of the residual biofilms and of the
detached particles were quantified to identify the mechanisms of
biofilm detachment. Biofilm physical properties were monitored
using by image analysis. Detached particles size was monitored
using light-scattering.

Table 1
Details of the different growth regimes applied in this study.
Case Carbon  Final electron Organic surface COD/TKN
source acceptor (in loading rate ratio
excess) (gCODmM2d1) (gCODgN™1)
1 Mixed Oxygen 25 73
2 Glucose Oxygen 38 20
3 Mixed Oxygen 2.5 4
4 Glucose Nitrates 38 20
5 Ethanol Nitrates 38 20

2.4.1. Biofilm morphology, thicknesses and surface roughness

Biofilm physical structure was quantified in terms of morpho-
logy, average thickness and surface roughness, based on biofilm pic-
tures. Plates from the biofilm reactor were sampled and placed in a
rectangular and transparent plastic box filled with supernatant
(centrifuged at 4500g over 15 min). Biofilm side-views images were
then captured with a CCD Camera (Kodak Megaplus ES1.0, New
York, USA) fitted with a 60 mm Nikon objective. The size of the im-
age was 40 x 10 mm. The average biofilm thickness and the rough-
ness coefficients (absolute and relative) were then measured using
an image analysis program developed with VISILOG 5.4® (NOESIS,
Saint-Aubin, France). Two hundred measurements of the local bio-
film thickness were performed per image. 20 images of biofilm were
recorded and quantified for each growth condition. Average biofilm
thickness was defined as the arithmetic mean of the local biofilm
thicknesses (200 measurements per images, 20 biofilm images per
growth condition). The absolute (R,) and relative (R,) roughness
were calculated according the following equations:

Ro=1 30z -2) 3)

;1 zZ-Z
i ()

where n is the number of measurements, Z; is the local biofilm
thickness (um) and Z is the mean biofilm thickness (um).

2.4.2. Detached particles size

Detachment process was evaluated by measuring the size of the
detached particles using light scattering. Based on these measure-
ments and on the mean biofilm thickness measured by image anal-
ysis, the corresponding fraction of the biofilm thickness subjected to
detachment was deduced. The procedure was as follow: after each
cleaning procedure, the reactors were filled with centrifuged super-
natant (centrifugation at 4500g, 15 min) and the rotation of the
inner cylinder was started. Meanwhile pumps were switched off
to prevent unwanted breakage of the detached particles prior mea-
surements. After 2 h, detached particles were sampled using the tan-
gential outlet of the reactor to avoid modification of their structure
(breakage, re-agglomeration) and size-distribution measurements
were performed (Mastersizer 2000 Malvern, Worcestershire WR14
1XZ, United Kingdom) (sizes ranged from 0.02 pm to 2000 pm).
For this purpose, 800 mL of supernatant containing detached parti-
cles were sampled and six light-scattering measurements per sam-
ple were performed. During measurement, the samples were gently
mixed using a magnetic stirrer. Measurements were performed
three times a week between day 60 and day 120, which corresponds
to the monitoring of around 150 light-scattering measurement per
biofilm. The measured particle sizes were thus representative of that
of the detached particles. Number-based distributions are related to
the majority-detached particles. Both the dy 5 (equivalent diameter
of 50% of the detached particles) and the dy g5 (equivalent diameter
of 95% of the detached particles) were used to estimate the size of the
detached particles. The ratio between the dg 5 (or dg 95) to the average
biofilm thickness were calculated to evaluate to what extent detach-
ment impact biofilm thickness.

3. Results
3.1. Growth regime characterization

Microbial functions observed for the five biofilms and the asso-
ciated nomenclature are detailed in Table 2.

Data from Table 2 confirm that different biofilms in terms of
microbial functions developed, i.e., two aerobic Heterotrophic



Table 2

Microbial functions of the biofilms and the associated nomenclature. In the nomenclature, small letters indicate the growth conditions in terms of final electron acceptor: “a

e” for

aerobic respiration and “an” for anoxic respiration. Bold letters indicate the type of biofilm in terms of microbial functions that were observed: “HB” for Heterotrophic Biofilm and

“MAHB” for Mixte Autotrophic and Heterotrophic Biofilm.

Case Values of Y502 Or Ysno3 COD removal Nitrification Denitrification Type of biofilm Nomenclature
coefficients efficiency (%) efficiency (%) efficiency (%)
1 0.9 96 0 0 aerobic Heterotrophic Biofilm aeHB1
2 >1 - 0 0 aerobic Heterotrophic Biofilm aeHB2
3 0.44 90 85 50 aerobic/anoxic Mixte Autotrophic and MAHB
Heterotrophic Biofilm
4 <1 >90 0 100? anoxic Heterotrophic Biofilm anHB1
5 <1 >90 0 100° anoxic Heterotrophic Biofilm anHB2

2 Due to excess of nitrate and oxygen concentration nil.

Biofilms (aeHB1 and aeHB2), one Mixed Autotrophic and Hetero-
trophic Biofilm (MAHB) and two anoxic Heterotrophic Biofilms
(anHB1 and anHB2). ys o, coefficients of 0.9 and 0.44 were calcu-
lated for aeHB1 and MAHB, respectively. anHB1 and anHB2 were
cultivated under excess of final electron acceptor and we assumed
ys.No3 coefficients lower than 1 due to the excess of nitrates. A Y502
coefficient larger than 1 was assumed for aeHB2 due to the oxygen
limitation. A partial but high COD removal (>90%) was observed for
the biofilms grown under COD limiting conditions (aeHB1, MAHB,
anHB1 and anHB2). Nitrification was observed only in the case of
the MAHB. A nitrification yield of 85% was monitored that corre-
sponded to a nitrification rate of 0.6 g NH; — N-m2 d~" for this bio-
film. Denitrification was observed for MAHB, anHB1 and anHB2. A
significant denitrification efficiency (50%) was surprisingly shown
for MAHB despite the excess of oxygen that resulted in the calcu-
lation of a ys o, coefficient of 0.44. But the flux of denitrification re-
mained low (0.3 gNO;—N m— d™') compared to those observed
for anHB1 and anHB2 (> 100 g NO; —N M ? d™' considering a ratio
of 2.86 g NO; —N g COD'). Neither nitrification nor denitrification
were observed for aeHB1 (very strong limitation in nitrogen) and
aeHB2 (oxygen limitation). The main distinction in terms of micro-
bial functions can thus be done between biofilms grown under aer-
obic conditions in absence of denitrification (aeHB1 and aeHB2)
and those grown under anoxic conditions with denitrification
(MAHB, anHB1 and anHB2).

3.2. Biofilm structure monitoring

The different biofilm morphologies that resulted from the dif-
ferent environmental growth conditions are shown in Fig. 2. The
mean biofilm thicknesses measured for these biofilms are shown
in Fig. 3.
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The different environmental growth conditions directly influ-
enced the morphology and physical properties of the biofilms (Figs.
2 and 3). aeHB1 was particularly thick (4400 £ 1100 pum), stringy
and fluffy. aeHB2 was also thick (3400 + 1000 pm) and presents a
“finger like” structure composed of numerous streamers. A great
amount of filamentous organisms were found in aeHB1 and at a
lower degree in aeHB2. Under aerobic conditions and with limita-
tion in oxygen or ammonia, opened and heterogeneous biofilms
structures thus developed. On the other hand, the denitrifying bio-
films (MAHB, anHB1 and anHB2) were significantly thinner, flatter
and more compact than aeHB1 and aeHB2. anHB2 was the
smoothest biofilm with a “gel-like” structure. No strict relationship
between organic substrate loading rate and resulting biofilm
thickness was observed. A decreasing biofilm thickness was
however observed for an increasing flux of denitrification.

Absolute and relative roughness coefficients measured for the
different types of biofilms are presented in Table 3. Absolute
roughness coefficients quantified for denitrifying biofilms
were lower than those quantified for non-denitrifying bio-
films. A decreasing absolute roughness was thus correlated
with an increasing flux of denitrification. However as the mean
biofilm thickness also decreased with an increasing flux of denitri-
fication, the relative roughness coefficients were almost similar
whatever the microbial functions of the biofilms (around 25%).

3.3. Detached particle characterization

Physical properties of the detached particles were monitored to
evaluate the mechanisms of detachment. An example of number-
based (Fig. 4A) and volume-based (Fig. 4B) distribution for the
detached particles of anHB1 is shown on Fig. 4. A majority of
detached particles had a diameter smaller than 2 pm (Fig. 4A).

(ww g) NnLvylSENS
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anHB1 anHB2

Fig. 2. Side-view pictures of the aerobic heterotrophic biofilms (aeHB1 and aeHB2), of the mixed autotrophic heterotrophic biofilms (MAHB) and of the anoxic heterotrophic

biofilms (anHB1 and anHB2).
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Fig. 3. Mean biofilm thicknesses measured for the aerobic Heterotrophic Biofilms
(aeHB1 and aeHB2), the Mixed Autotrophic Heterotrophic Biofilms (MAHB) and the

anoxic Heterotrophic Biofilms (anHB1 and anHB2). Bars indicate standard devia-
tions of the mean biofilm thickness (n = 20).

Table 3

Absolute and relative roughness coefficients of the aerobic heterotrophic biofilms
(aeHB1 and aeHB2), of the mixed autotrophic and heterotrophic biofilm (MAHB) and
of the anoxic heterotrophic biofilms (anHB1 and anHB2).

Non- Denitrifiying biofilms
denitrifying
biofilms
aeHB1 aeHB2 MAHB anHB1 anHB2
Absolute roughness coefficient 1300 900 400 350 250
(um)
Relative roughness coefficient 23 25 25 35 26

(%)

Detachment of large particles (equivalent diameter ranging from
100 to 200 pum) was also noticed based on the volume-based size
distribution (Fig. 4B). This detachment of large particles was ob-
served for each measurement and whatever the type of biofilm.
The ranges of the dys calculated from the number (a) and vol-
ume-based distributions (b) for the different types of biofilms are
shown in Fig. 5. The dys of the small particles varied between 1
and 5 um and between 0.1 and 3 pum for the aeHBs and for the
denitrifying biofilms (MAHB and anHBs), respectively (Fig. 5A).
The dy 5 of the large particles varied from around 30 to 500 pm for
the aeHBs and the MAHB. Smaller variations were noticed for the
anHBs (ranging from 50 to 90 pum). The ranges of variation of the
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do.s of both small and large particles were thus smaller for the den-
itrifying biofilms compared with the non-denitrifying biofilms.

A determining point is to evaluate the fraction of biofilm that is
impacted by the detachment of the large particles. The ratio be-
tween the dy s (Fig. 6A) or the dggs (Fig. 6B) and the mean biofilm
thickness were calculated for each type of biofilms (Fig. 6). The dg 5
and dg g5 of volume-based distributions (large particles) were con-
sidered for these calculations. The fraction of the mean biofilm
thickness impacted by the detachment of large particles varies
greatly. In average and with regard of the dy s, up to 25% of the bio-
film thickness is regularly impacted by the detachment of large
particles (Fig. 6A). Considering the largest particles (dogs), their
detachment can impact up to 75% of the mean biofilm thickness
(case of the MAHB, Fig. 6B). An influence of the environmental
growth conditions is also reported. For aeHB1 and aeHB2, the size
of the biofilm heterogeneities (25% in relative roughness coeffi-
cients, Table 3) is similar to the fraction of biofilm that is removed
due to the detachment of large particles. For MAHB and anHBs, the
size of the heterogeneities is smaller than the fraction of biofilm
that is removed due to the detachment of large particles.

3.4. Link between the environmental growth conditions, the resulting
biofilm structure and the detachment patterns

A summary of the main characteristics of the five different bio-
films in terms of morphology, physical properties and detachment
patterns is provided in Table 4.

4. Discussion

4.1. How do environmental growth conditions influence microbial
functions and in turn the biofilm structure?

Our study highlights the impact of the environmental growth
conditions on the biofilm functions and in turn on the physical bio-
film structures. With regard of the biofilm physical structure, the
influence of the shear conditions, of the mass transfer limitation
and of the specific growth rate of the bacteria was reported into
the literature. An increasing biofilm heterogeneity results from a
decreasing shear stress [10], an increasing mass-transfer limitation
[17] or an increasing specific growth rate [4]. In our study we ob-
served the impacts of nitrogen limitation (aeHB1), of oxygen limi-
tation (aeHB2) as well as the impact of the function of
denitrification (MAHB, anHB1 and anHB2) on the biofilm physical
structure.

Thick and rough biofilms developed under nitrogen (aeHB1)
and oxygen-limiting conditions (aeHB2). Limiting environments
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Fig. 4. Examples of number-based (A) and volume based distributions and (B) for anHB1 obtained at steady-state from light-scattering measurement.
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Table 4

Summary of the main characteristics of the five different biofilms in terms of morphology, physical properties and detachment patterns.

Biofilm  Microbial Morphology and physical properties Detachment patterns
type functions
aeHB1 Aerobic Fluffy, thick and rough (open structure). Significant presence of Large particles detached (up to 500 pm) with significant
aeHB2 heterotrophic filamentous bacteria. High absolute roughness coefficient variations of size over the characterization period. Around 25% of
the biofilm thickness was impacted, which corresponded to the
relative roughness coefficient
MAHB Aerobic/anoxic Thin and smooth, with low surface heterogeneities. The smoothness Larges particles detached but a low variation in their size was
autotrophic increased with the denitrification potential. Filamentous bacteria are  observed. 25-75% of the biofilm thickness was impacted, which
heterotrophic not observed in these three biofilms. Low absolute roughness is larger than mean size of the biofilm heterogeneities
anHB1 Anoxic coefficient
anHB2 heterotrophic

in terms of substrate availability enhance the tendency of microor-
ganisms to grow toward the bulk liquid [10] which results in the
formation of open and heterogeneous biofilm structures. Similar
observations were also performed in the case of granules [18]
where a decrease in the oxygen availability caused deterioration,
decreased density and structure breakage [18]. When decreasing
the oxygen or nitrogen availability, we observed that specific
microbial populations were selected. A specific microbial ecology
with a high fraction of filamentous bacteria developed in aeHB1
and aeHB2. The bacteria that grow as filaments have an enhanced
access to the nutrients that are available in the bulk liquid because
of their high surface/volume ratio [19]. Filamentous bacteria thus
have an ecological advantage compared to conventional bacteria
[20]. The shape of the filamentous bacteria favors in turn the devel-

opment of thick biofilm structures. In our study, biofilms devel-
oped under substrate limited conditions were 2-4 times thicker
than other biofilms, which was mainly due to their high absolute
roughness.

Anoxic environments induced in our study the development of
smooth and compact biofilms (MAHB, anHB1 and anHB2) suggest-
ing the important role of the function of denitrification on the bio-
film physical structure. Similar observations with regard of the
influence of the denitrification on the morphology of granular
sludge were reported [21]. Highly dense and cauliflower shaped
granules developed at high denitrification flux. Fuzzy and porous
granules with a rough surface in turn developed at low denitrifica-
tion flux. When the denitrification flux is increased, bacteria can
grow deeper into the biofilm thus reducing growth of fast-growing



bacteria in the top layers. This results in a reduction of the surface
heterogeneities [21]. A decrease in the stratification of the micro-
bial populations due to the increase in electron acceptor in the
deep biofilm layer thus explain the smooth surface developed by
anoxic biofilms. In our study, the increase of the anoxic growth
in the deep biofilm layer resulted in a reduction of the absolute
biofilm roughness and in turn in the formation of thinner biofilm.

In conclusion, our results confirm that the availability of sub-
strates or nutrient govern the formation of the mesoscale biofilm
structure through its influence on the microbial population selec-
tion and stratification. When the substrate/nutrient availability is
low, bacteria that have an ecological advantage are selected and
grow toward the bulk liquid, resulting in the formation of open
and heterogeneous structure. When the substrate/nutrient avail-
ability is high, bacteria grow deeper into the biofilm, which reduce
the formation of heterogeneities and lead the development of flat
and compact biofilms.

4.2. What are the mechanisms of biofilm detachment in terms of
frequency and extent of detachment event?

The detachment of small and large particles was observed for all
types of biofilms independently of their morphology. The detach-
ment of large detached particles was already reported in the liter-
ature [1,7]. These studies indeed reported that detachment of small
particles (of several microns) dominates the number-based distri-
butions but that the detachment of large particles (several hun-
dreds of microns) dominates the volume-based distributions. But
these studies were performed either on young and thin pure cul-
ture biofilms [1] or with filtration of the detached particles that
may bias the measurements [7], and without considering the phys-
ical properties of the biofilms.

Our results confirmed that the detachment of large particles oc-
curred at high frequency and dominated the loss of biomass. Mea-
surements of the detached particles size were indeed performed
twice a week and particles of several hundreds of microns were ob-
served for each measurement. The detachment of large particles
observed in our study is independent of the biofilm morphology
and also, it cannot be associated with sloughing events. Sloughing
is indeed a discrete process that is defined as a significant detach-
ment of the biofilm till its basis [6]. Sloughing thus occurs at low
frequency and particles detached during sloughing have a size sim-
ilar to the biofilm thickness. Discrete events that can trigger
sloughing of biofilm include a sudden change in the shear stress
[5,7] or a change in the availability of oxygen and nutrients [19].
In our study the environmental and hydrodynamic growth condi-
tions were stable over time and thus not explain such a frequent
detachment of large particles. Despite the large size of the particles
that were detached, the high occurrence of their detachment can-
not be attributed to sloughing, which suggests that another mech-
anism was responsible of their removal.

The detachment of large particles can however be explained by
the local interactions between the hydrodynamics and the struc-
tural heterogeneities of the biofilms. The development of heteroge-
neities at the surface of the biofilm induces a modification of the
local hydrodynamics in the vicinity of the biofilm/at the biofilm
scale [22]. Local shear stress induced by the flow moving through
the biofilm heterogeneities can be seven times higher than the glo-
bal shear [22] leading to the detachment of the biofilm heterogene-
ities at their basis. In our study, the particles detached from rough
aerobic biofilms (aeHBs) were larger than those detached from
smooth anoxic biofilms (MAHB and anHBs). This observation was
done both for small and large particles (according number-based
and volume-based distributions, respectively). Also, the absolute
roughness coefficients of the aeHBs were in turn higher than those
measured for MAHB and anHBs. An increasing biofilm roughness

thus induces an increasing size of the detached particles. This con-
firms that the detachment of large particles under constant global
shear is probably due to hydrodynamics that act locally on the bio-
film heterogeneities. Moreover the frequency of detachment of the
biofilm heterogeneities is probably high because of the low cohe-
sion of the top layers of the biofilms, which is independent of the
type of biofilm [2].

Overall, the detachment of large particles impacted less than
25% of the mean biofilm thickness (ratio between the dgs of the
large particles to the mean biofilm thickness). But the detachment
of very large particles often impacted up to 75% of the mean bio-
film thickness (ratio between the dygs of the large particles to
the mean biofilm thickness). The fact that around 20% of the bio-
film thickness is never detached is due to the existence of a very
cohesive basal layer [2,12] that is never detached even at a shear
stress up to 15 Pa.

We can thus conclude that the mechanism of detachment of
mature biofilms has two main components. The first component
is a surface detachment of small particles of several microns of
diameter. The detachment of small particles dominates in number.
The second component is the detachment of large particles of sev-
eral hundreds of microns. This process dominates in volume and is
governed by the physical structure of the biofilm in terms of sur-
face roughness and cohesion stratification.

4.3. Implication of the findings in terms of detachment modeling

Different 1-D models can be used to predict biofilm processes
[23] and a widely used approach to model biofilm detachment is
the surface detachment [5]. Surface detachment implies that the
loss of active biomass is determined by the biomass concentration
at the biofilm-liquid interface. But our study underlines that the
loss of biomass is dominated by volume detachment. The simplify-
ing assumption that detachment is a surface process is probably
the cause of numerous deviations observed when using 1-D biofilm
models [5]. We suggest that a continuous process of volume
detachment should be considered in the detachment models. This
would have an impact on the stratification of the microbial popu-
lations and thus on the biodegradation rates that requires further
investigations.

5. Conclusions

o Continuous erosion of particles of several hundreds of microns
of diameter was observed for all types of biofilms.

¢ Biofilm erosion is composed of a surface process that removes
small particles (<20 pum) plus a volume process that removes
large particles (<500 pm). Detachment of small particles domi-
nates in number but the detachment of large particles domi-
nates the biomass loss.

e The physical structure of biofilms governs the extent of the vol-
ume detachment process. An increasing absolute roughness of
the biofilm induces an increase of the size of the large particles
that detach.

¢ An increasing bacterial growth in the deep biofilm layers due to
an increasing availability of nitrates induces the formation of
thin, smooth and compact biofilm structures.
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