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Abstract

Understanding the interactions between biofilm and cementitious materials in biogas
production systems is an essential step toward the development of durable concrete for this
expanding sector. Although the action of the liquid phase medium on the material has been the
subject of several research studies, the possible impact of the material’s properties on biofilm
formation and composition has been little investigated, if at all. The aim of this paper is to
evaluate the characteristics of the biofilm according to the surface properties of the materials.
Four cementitious materials with different chemical and mineralogical compositions, and
various topological surface characteristics (pastes of CEM I, CEM 111/C and CAC, and CEM |
paste treated with oxalic acid) were exposed to the liquid phase of a fermenting biowaste for 10
weeks. The steps of biofilm formation were observed using SEM. Even though all the
cementitious material surfaces were intensely colonized at the end of the experiments, the
establishment of the biofilm seems to have been delayed on the oxalate-treated CEM | and on
CAC coupons. Roughness and surface pH effects were not of prime importance for the biofilm
development. The analysis of bacterial population diversity using 16S rDNA sequencing
showed a less diversified microbial flora in the biofilm than in the reaction medium.

Keywords: biofilm, cementitious material, proliferation, fermenting biowaste, surface.

1. Introduction

The anaerobic digestion process enables agricultural, agro-industrial and household organic
waste to be treated and recycled as biogas (methane, etc.), which is used as green energy to
produce heat and electricity in cogeneration technologies. European policy currently supports
the development of biogas systems to ensure the transition towards greener energy systems and
the associated financial support has made the biogas sector a potentially attractive organic-
waste recovery industry. In the dynamic biogas market, concrete has established itself as a
suitable construction material thanks to its economic interest, its airtightness and its high
thermal inertia [1,2].
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However, in contact with biowaste, concrete structures are subject to deteriorations at every
stage of biogas production because of the chemical compounds excreted by the microorganisms
(volatile fatty acids, NH4*, CO, etc. [2-4] and because the biological compounds form biofilms
at the concrete surface and may create very aggressive local conditions [3,5]. The impact of
these deteriorations on biogas plants may be both economic (loss of productivity, repair costs,
etc.) and environmental (leaks of polluting effluents to the environment). In a context of
significant expansion of the biogas industry, the sustainable development of the sector requires
a better understanding of the interactions between concrete and the microorganisms in order to
improve the durability of structures in these environments. The interaction phenomenology
comprises (i) the reactions between the biochemical compounds in the medium and the
cementitious matrix, leading to the alteration of the latter (biodeterioration) and (ii) the possible
impact of the material on the biofilm structure and activity at the surface of the material (which
can condition the aggressiveness of the medium towards the cementitious matrix). Some studies
have focused on the first aspect of these interaction phenomena [3,6,7] but, to our knowledge,
no study has investigated the second aspect so far, even though it may help in the design of
durable materials in biogas systems.

This paper aims to evaluate the biofilm characteristics as a function of the surface properties
of the materials. Four cementitious materials with very different chemical and mineralogical
compositions (hardened pastes of CEM |, CEM I11/C and CAC, and hardened CEM 1 paste
surface-treated with oxalic acid) were exposed to the liquid phase of a fermenting biowaste.
The initial steps of biofilm formation were investigated using SEM observations and DNA
analyses. The influence of surface characteristics, i.e. chemical and mineralogical composition,
surface pH and topology (quantified by focus variation 3D optical microscope), on the biofilm
formation are discussed.

2. Methods

2.1  Materials
2.1.1 Types of materials: main chemical and mineralogical features

Four types of materials with various mineralogical and chemical compositions were
prepared: (i) cement pastes made of ordinary Portland cement (noted CEM 1), considered as the
reference material, and materials with favourable behaviour when exposed to aggressive
agueous environments, i.e. cement pastes made of (ii) slag cement (CEM I1I/C), and (iii)
calcium aluminate cement (CAC), and (iv) a CEM | paste, the surface of which was treated
with oxalic acid (noted CEM 1-Ox) [8]. Twenty-four hours after pouring in PVC cylindrical
moulds (25 mm high, 75 mm in diameter), pastes of CEM I1I/C, CAC, and non-treated and
treated CEM I, were demoulded and maintained in sealed plastic bags for 4 weeks (endogenous
curing). At the end of the 4-week cure, 5-mm thick slices were sawn in the cylinders. Some
CEM 1 paste slices were then immersed in 0.28 M oxalic acid solutions (C2H204) with a pH of
1 for 7 days (the other specimens were kept in sealed bags). At the end of this immersion period,
XRD analyses and SEM observations on the surface of the treated specimens showed the
precipitation of whewellite, or calcium oxalate dihydrate [8,9]. The layer was adherent to the
surface and continuous: it completely covered the specimen. Table 1 shows the main
mineralogical phases identified on the surface of the different specimens (XRD analyses).
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Table 1: Main mineralogical phases of cement paste specimens

Cement paste | Main mineralogical phases of sound specimen surfaces
CEM I C-S-H, Ca(OH);, ettringite, CxAHy, CsS, C>S

CEM lll/C C-(A)-S-H, Ca(OH)., ettringite, C3S, slag, merwinite, calcite
CAC Cs3AHs, AH3, C2AS, CA

CEM I-Ox Calcium oxalate hydrate (whewellite)

Prior to the immersion experiment (5 weeks after pouring), the surface pH of the specimens
was between 12 and 13 for CEM I, CEM Il and CAC pastes and was 1 for CEM I-Ox
specimens.

2.1.3 Preparation of surfaces and initial surface topology measurement

After the 5 weeks of endogenous curing, the surfaces of CEM |, CEM Il and CAC cement
paste slices were dry polished with a SiC polishing disc (ESCIL, ref. P800, i.e. 22 um, 2 min
polishing per surface), to remove roughness and orderly patterned striations made by the
diamond saw blade. In contrast, the surface of CEM I-Ox pastes was kept as it was in order to
preserve the Ca-oxalate precipitate layer. With such preparation, cement paste surfaces
presented variable topology in all directions, without any repetitive pattern. A directional
measurement of roughness (typically evaluated by a criterion such as Ra) is insufficient and
non-representative of the surface topology [10]. Surface topology was thus measured using a
focus variation 3D optical microscope (Alicona InfiniteFocus SL). Surface areas of 1000 x1000
pm and 400 x 400 um were acquired with magnifications of x20 and x50 and coded on 4
Mpixels. Lateral and axial resolutions were 2.9 um and 16 nm, respectively. Data processing
was performed according to standard ISO 25178-2. Surfaces were balanced but they were not
filtered, in order to provide complete primary profiles. The surface condition parameters
selected to characterize surface topology were Sa (mean arithmetic height), Ssk (skewness,
surface asymmetric factor) and Sku (Kurtosis — surface flattening factor). The Sa value is
related to the scale of the surface texture while Ssk and Sku represent characteristics of the
surface height distribution. The skewness value, Ssk, represents the proportion of negative and
positive points in the profile, as it can take negative or positive values. Ssk=0 is the reference
value for equilibrated Gaussian distributions. Negatively skewed surfaces are predominantly
peak biased, whereas positively skewed surfaces are predominantly made of peaks. Kurtosis,
Sku, gives an idea of the abruptness of the surface. A Gaussian distribution is characterized by
a kurtosis value of 3. Higher values correspond to leptokurtic surfaces, typical of spiky surfaces,
whereas kurtosis lower than 3 is typical of non-abrupt platykurtic surfaces.

2.2  Exposure to fermenting biowaste

The composition of a synthetic biowaste representative of the proportions of organic
domestic waste was provided by IRSTEA, Antony (France). The composition is given in [3].
The biowaste was homogenized by blending for 10 min at 20 °C. It was then inoculated in order
to initiate the anaerobic digestion process [11]. The inoculum was a sludge sampled from a
municipal wastewater treatment plant in Toulouse (France). The organic loads, expressed as
chemical oxygen demands (COD), were 50 g L™ for the substrate (biowaste) and 20 g L™ for
the inoculum (sludge). Proper establishment of the anaerobic digestion process depends on the
inoculum/substrate (biowaste) quantity ratio [12]. The inoculation was carried out with an
optimal ratio of 1 g COD(inoculum)/g COD(biowaste) as already reported in a previous work
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[3,13]. Therefore, biowaste was diluted in inoculum to reach this ratio. The cement paste was
immersed in anaerobic bioreactors (usable volume: 500 mL) at 37 °C in a thermostatically
controlled incubator during the complete biowaste digestion (see [13]). The solid/liquid ratio
(cement paste surface area/inoculated biowaste volume) was approximately 224 cm? L™
Several 5-week digestion cycles were run and the biowaste was renewed at the end of each
cycle.

A reference bioreactor without cement paste specimens (reactor A) was also run. Two
replicate reactors containing CEM | paste were noted reactors B and C. Reactors containing
CAC, CEM Ill and CEM I-Ox were noted D, E and F, respectively. (Figure 1).

C C cf"@ >
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Figure 1 : Biowaste fermentation bioreactors

2.3 Observation of biofilm morphology

The biofilm on the surface of the specimen was observed by SEM-FEG (JEOL 7100F TTLS
combined with EDX XMax, 5 kW) after 5 weeks (one cycle) and 10 weeks (2 cycles) of
immersion in the biowaste. Cement paste specimens were sawn carefully to preserve the biofilm
developed at their surfaces. Before SEM observations, the biofilms on the cement pastes were
chemically fixed and then dehydrated according to the method presented in [3,13].

2.4  Bacterial community analysis

The bacterial population diversity was analysed using 16S rDNA sequencing to investigate
the diversity of bacteria, notably involved in the hydrolysis, acidogenesis and acetogenesis
reactions of the anaerobic digestion. Other microorganisms, such as archaea, also involved in
the biowaste fermentation, were not investigated here. After 4 weeks of biowaste fermentation,
supernatant was collected in the 5 bioreactors containing the cement paste specimens (reactors
B and C: CEM I, reactor D: CAC, reactor E: CEMII/C, reactor F: CEMI-Ox) and in the control
(reactor A, without cement paste). The biofilm bound to the cement paste surface after two
cycles of biowaste fermentation (about 8 weeks of exposure of the cement paste to the biowaste)
was collected by sonication in 2 mL of physiological water (3 min at 80 W)[14]. Then, the
samples were sent to the Research and Testing Laboratory (RTL, Texas, USA), where the DNA
was extracted prior to PCR and sequencing with the bacterial primers 28F (5'- GAG TTT GAT
YMT GGC TC -3") and 519R (5- GWA TTA CCG CGG CKG CTG -3') according to RTL
protocols (www.researchandtesting.com). Subsequent data analyses with the DNA quality,
DNA sequence alignment, clustering in operational taxonomic units [15] and assignment were
also performed by RTL according to their protocol. In order to confirm or to clarify some
assignations, the representative DNA sequence of the OTU was compared with the Blast
database [16].
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3. RESULTS

3.1 Initial surface topology of the cement pastes

Sa values were of the same order of magnitude for CEM I, CEM 11l and CAC surfaces (1.10-
1.62 um) but the value was much higher for CEM I-Ox ones (5 um) (Table 2). Some studies
have investigated the impact of mortar surface roughness on fungal colonization [17,18] and
have found the Sa parameter to be between several tens of nm and several tens of um. However,
surface texture was not characterized, notably through skewness or kurtosis. Skewness and
kurtosis can be easily interpreted so as to relate the characteristics of a surface with its functional
performance [19]. For instance, medical, food and antifatigue components require low kurtosis
surfaces, which are related to the unscratched surfaces desired for those applications.

CAC, CEM I1l and CEM 1 surfaces were relatively plane and presented some striations.
These were deeper for CEM | and CEM IIlI pastes than for CAC although the surface
preparation was the same for the three pastes. Negative Ssk values (predominant presence of
striation) and high values of Sku (the streaks were deep and steep) were obtained for the CEM
[11/C and CEM 1 pastes. The lower Sku value for the CAC paste indicates that the streaks were
less marked. The surface topology of the CEM 1-Ox paste was different from that of the others.
It had as many peaks as hollows (Ssk close to 0), which were less marked (Sku weaker and
close to 3). This typical roughness was due to the calcium oxalate crystals precipitated on the
surface, the size of which oscillated around ten micrometres.

Table 2: Roughness parameters: Sa (mean arithmetic height [20]), Ssk (surface asymmetric factor) and
Sku (surface flattening factor) of cement paste surfaces

Roughness parameter CEM I CEM III/C CAC CEM | + Ox

Sa (UmM) 110 * 029|162 * 0.371.36 * 056|554 * 084
Ssk -263 * 085(-349 * 112(-1.05 * 039(-03 *= 0.19
Sku 3207 * 13 |29.88 * 9.826.09 * 249|342 * 0.96

In the literature, surfaces with an Sa < 0.8 um are theoretically considered as "hygienic", i.e.
not very sensitive to microbial contamination [20]. In contrast, surfaces with Sa > 0.8 um are
subject to microbial adhesion.

This criterion is consistent with the hypothesis that topographies having scales that
correspond to the microbial cell size are more amenable to colonization [20]. Sa values were of
a few micrometres, except for CEM 1-Ox paste. According to this criterion, the surfaces tested
here were susceptible to colonization by microorganisms. In addition, bacteria are more able to
colonize pits than peaks [21]. Here, the surfaces not treated with oxalic acid showed hollows
(Ssk <0) and also hollows with extreme depths corresponding to streaks due to abrasion (Sku
much higher than 3). The abundance of hollows on the surfaces as well as the order of
magnitude of Sa for CEM I, CEM 111/ C and CAC pastes thus seemed to correspond to a surface
roughness favourable to microbial proliferation. Conversely, the surface texture of the CEM I-
Ox paste (Ssk close to 0 and Sku close to 3) seemed less favourable to microbial growth, despite
its high Sa value.
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Figure 2: 3D representation of surface topology analysed by focus variation 3D optical
measurements of CAC, CEM I11/C (similar to CEM 1) (X20) and CEM I-Ox (X50) pastes

3.2 Microscopic observation of biofilms

A coupon was collected in each reactor after 5 and 10 weeks of immersion (1% and 2™
digestion cycles) to observe biofilms formed on its surface. If the adhesiveness to the surface
was not quantified, the biofilms formed during this experiment were adherent to the surfaces,
i.e. not simply deposited or sedimented. They were indeed submitted to several rinsing
operations, first when the coupons were collected from the bioreactor, and then during the
chemical biofilm dehydration protocol (necessary to their observation with SEM). All what
remained on the cement paste surface was thus strongly adhered.

A uniform, dense biofilm was observed on the surfaces of the CEM | and CEM |1l C coupons
for both sampling times. It seemed to consist mainly of bacilli but single or double cocci were
also observed (Figure 3). Microorganisms were surrounded by a rather dense extracellular
matrix, in particular on the CEM I11 paste surface.

After 5 weeks of immersion, few microorganisms were observed on the surface of the CAC
coupons, and those present were essentially bacilli. After 10 weeks, the surface structures had
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evolved with the appearance of inorganic S- and K-rich precipitates (maybe K>SOj4 crystals)
according to the EDX analyses (data not shown). CAC being poor in these elements, they are
likely to have come from the biowaste. Plates of biofilms with a surface area of about 40 pum
were observed here and there, spaced a hundred micrometres apart. Cocci were observed in
these clusters.

: iQ0pm &0 100 pim
a) 5 weeks of immersion, low magnification
5 weeks 10 weeks

Figure 3: SEM observation of biofilms on cement paste after 5 weeks of immersion in the biowaste

Unlike those of untreated CEM 1 pastes, the surface of the CEM I-Ox coupon showed no
microbial colonization after 5 weeks of immersion in the biowaste; calcium oxalate precipitates
were intact. After 10 weeks of immersion, as for untreated CEM |, the entire surface of the
coupon was colonized by a thick microbial carpet with the presence of bacteria having different
morphologies (cocci, bacilli, etc.), but with a less dense extracellular matrix than on CEM I and
CEM 111 coupons.

From these observations, it may be concluded that surface treatment with oxalic acid has a
retarding effect on microbial colonization. This effect had not yet been reported in the literature.
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Microbial colonization also appeared to be slowed down or locally inhibited on the CAC
coupon, with a slower, less dense and non-uniform surface coverage.

3.2 Microbial diversity in the supernatant and in the biofilm

After 4 weeks of biowaste fermentation, the microbial diversity of the supernatant and the
biofilm anchored to the cement paste surface were analysed for the six fermentation conditions
tested for each sample collected in the liquid phase of the biowaste and in the biofilm. The DNA
sequences having at least 97% of similarity were grouped in Operational Taxonomic Units
(OTU). Table 3 gives the total number of OTU and of sequences, together with the
corresponding diversity indexes, which were calculated from this information (Shannon and
Simpson indexes). The number of sequences produced from a sample (supernatant or biofilm)
was between 27032 and 145241 and the number of operational taxonomic units (OTUSs)
identified per sample was between 288 and 1108.

The OTU number, which can be considered as the number of species, was of the same order
of magnitude, either in the supernatant or in the biofilm, for reactors containing CEM | coupons.
However, based on the lower Shannon and Simpson indices for biofilm samples, the biofilm
seemed to be less rich and probably less diverse than the supernatant. The same trend was
observed for the experiments carried out with CEM I-Ox and CEM 111 coupons, with Shannon
indices between 2.7 and 1.6 and Simpson indices between 0.8 and 0.62. In these experiments,
the number of OTU was 2 to 5 times lower in the biofilm than in the supernatant despite a
comparable number of sequences analysed for CEM I-Ox between the biofilm and the
supernatant. For the medium with CAC, although the number of OTUs was larger in the biofilm
than in the supernatant, the diversity and richness were comparable. The selection pressure in
the biofilm vs. supernatant was lower than for the other reactors.

Table 3: Groups of DNA sequences in terms of total number of OTU, and diversity indexes of
analyses (Shannon and Simpson indexes)

T
Med A (control) 103800 986 4.02 0.94
. Med B (CEM-I) 54141 657 3.54 0.92
2 Med C (CEM-I) 68963 672 3.12 0.87
é Med D (CAC) 49545 798 3.86 0.94
Med E (CEM-111/C) 90385 1068 3.73 0.92
Med F (CEM-I1-Ox) 43636 799 3.08 0.94
CEM | (B) 55788 535 2.66 0.72
c CEM I (C) 145241 694 2.63 0.81
= CAC 84575 1108 4.05 0.1
@ CEM 1I/C 27032 288 1.65 0.62
CEM 1-Ox 39393 420 2.70 0.80
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In the supernatant and in the biofilm, for the four conditions of cement paste composition
tested, three phyla dominated the microbial community: Firmicutes, Proteobacteria and
Bacteroidetes (Figure 4). These three phyla are commonly found in the microbial communities
of the anaerobic digester process [24-26].

Firmicutes and Bacteroidetes are often involved in lipid protein and polysaccharide
hydrolysis [27]. Proteobacteria are involved in glucose, butyrate, propionate and acetate
degradation during hydrolysis and acetogenesis [25].

The microbial community of reactor B (CEM 1) supernatant was 44% dominated by
Proteobacteria while reactor C supernatant, containing the same type of material, was 66%
dominated by Bacteroidetes. The supernatants containing the other types of materials were
dominated by two phyla, Bacteroidetes and Proteobacteria for the CAC reactor, Bacteroidetes
and Firmicutes for CEM I11 and CEM-I-Ox reactors. It seems difficult to establish a correlation
between the type of materials present in the environment and the dominance of a phylum.

Regarding the biofilm microbial community, it was generally dominated mainly by one
phylum: Proteobacteria at 60% for CAC and CEM I-Ox coupons, Firmicutes at 90% and 70%
for CEM | B and CEM I11 coupons, respectively. It was not necessarily the dominant population
in the supernatant that was dominant within the biofilm on the surface of cement pastes, except
for the biofilm of CEM I C, dominated at 60% by Bacteroidetes. The microbial community of
this coupon at the phylum level was very similar to that of the supernatant. Except for this
coupon, Bacteroidetes were very little represented in the biofilms. It is possible that
microorganisms of this phylum are adapted or less competitive than other organisms in the
microbial colonization of cementitious materials whatever their composition.

Bioreactors

A

N B C D E Fo)
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90

80
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Other
60
Firmicutes
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40 B Proteobacteria
30 B Bacteroidetes
20
10
0

%\&' wﬁ' 6{;&» ?“’6 (ﬁ»& \4‘6 C‘e‘ %\e @@' é\gp

Phylum (%total sequenced population)

Figure 4: Pyrosequencing analysis of gene coding for RNAr 16S: bacterial phyla in relative percentage
of total population after 3 weeks of anaerobic digestion (liquid media and biofilms on cement pastes)

A clustered heat mapping was performed by R package (http://bioconductor.org/biocLite.R)
[28] and the hierarchical clustering was determined for both dimensions of the heat maps using
Ward’s method and correlation distances [29]. This statistical analysis was used to compare the

Page 9


http://bioconductor.org/biocLite.R

taxonomic compositions between the supernatant and the biofilm, according their abundance,
for the different reactors. Only the OTUs with an abundance > 2% were considered. According
to the heat-map analysis, the samples clustered into two major groups named I and Il (Figure
5).

Firmicutes Clostridia Thermoanaerobacterales
Firmicutes Clostridia Clostridiales

Firmicutes Clostridia Unknown
Bacteroidia Bacteroidales Unknown
Firmicutes Bacili Bacilales

Firmicutes Bacili Bacilales

Firmicutes Bacili Bacilales

Firmicutes Clostridia Clostridiales

Bacteroidetes Bacteroidia Unclassified

Unknown Unknown Unknown
Unclassified Unclassified Unclassified
Bacteroidetes Bacteroidia Bacteroidales
Bacteroidetes Bacteroidia Unknown
Bacteroidetes Bacteroidia Bacteroidales
Firmicutes Clostridia Clostridiales
Eirmicutes Clostridia Unknown
Firmicutes Clostrdia Clostridiales
Bacteroidetes Bacteroidia Bacteroidales

Bacteroidetes Bacteroidia Bacteroidales
Bacteroldetes Bacteroidia Bacteroidales
Bacteroidetes Bacteroidia Bacteroidales
Spirochaetes Spirochaetia Spirochaetales

Med CEM-III
Med CEM-I-Ox
Control

Med CAC
Biofilm CAC
Biofilm CEM-1-Ox
Biofilm CEM-1II
Biofilm CEM-1 B
Biofilm CEM-I C
Med CEM-I B
Med CEM-I C

Figure 5: Colour-scaled clustered heat map. OTUs with abundance> 2% — black: abundance in the
average range on the line — yellow orange: abundance > average on the line — blue: abundance <
average

Group | brought together the samples from the supernatants of the control reactor and the
reactors containing CEM I1l, CEM 1-Ox and CAC cement paste specimens. The dominant
species inside this group were Pseudomonas sp., Spirochaetales sp., Bacteriodales sp. and
Clostridiales sp., which formed cluster B.

Group 11 was subdivided into three other groups. Group Il.a included the sample from biofilm
collected over the cement paste surface of CAC, CEM I-Ox and CEM I1I. Bacillales sp. from
the Firmicutes phylum dominated the CEM 111 microbial community, whereas the communities
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from biofilm collected on CEM I-Ox and CAC specimens were dominated by several species
of Proteobacteria, such as Pseudomonadales sp., Burkholderiales sp., Neisseriales sp.,
Rhodocyclales sp. and Rhizobiales sp. Subgroups II.b and IL.b’ corresponded to reactors
containing CEM | specimens (reactors A and B). The profile similarities were notable between
biofilms collected on CEM 1| coupons (subgroup Il.b on the heat map) and other biofilms
(subgroup I1.a). The microbial community of the biofilm (subgroup I1.b) and the supernatant
(subgroup I1.b’) had very close compositions with profiles rich in Hydrogenophilic sp.,
Clostridiales sp. and Bacillales sp. The species and orders dominating the microbial
communities of other supernatants (cluster B on the left) were less represented on the profiles
corresponding to the supernatant collected in CEM I reactor. Generally, the species and orders
predominantly present in the different profiles, e.g. Bacteroidales and Clostridiales, were the
major orders involved in anaerobic digestion [25].

4. DISCUSSION

4.1 Biofilm establishment

Roughness and surface pH are among the essential factors that theoretically condition
microbial growth on the surface of cementitious materials. The optimum pH values for the
microorganisms involved in anaerobic digestion lie between 4 and 8. A priori, the alkaline
conditions (pH 12-13) of cementitious materials do not offer favourable conditions for the
growth of microorganisms in the particular context of anaerobic digestion. The surface
roughness of the cement pastes used here, measured by optical profilometry, was of the order
of 1-5 um for the Sa criterion. The scale of this roughness seemed to be conducive to microbial
adhesion and then growth. Surfaces where the sizes of asperities or topographical structures
(valleys, holes or scratches) and the roughness parameters were of the order of magnitude of
the size of the microorganisms that promoted the initial adhesion of bacteria, a precursory step
to biofilm formation [30-32].

The asperities or topographical structures were not the only parameters influencing the
adhesion of the first cells; surface conditioning also played a significant role. Surface
conditioning by the indirect action of the microorganisms (conditioning film formation,
chemical interactions of solutes with substratum surfaces, etc.) has been shown to promote the
adhesion of the first microorganisms and then biofilm anchoring on all types of surface as soon
as the water and the necessary nutrients are available [33]. In addition, it can be assumed that,
in the first stages of the immersion, the surface pH of all cement pastes was modified by the
prior deterioration of the material (decalcification and dissolution of portlandite related to AGV
and NH4") or by the carbonation of the material because of the CO. metabolized by the bacteria
near the surface [34,35]. The microbial richness involved in anaerobic digestion as well as the
diversity of the biodegradable material are also conductive to biofilm formation. In some
anaerobic digesters, supports (zeolite, biochar, etc.) have been added to promote the
development of immobilized microorganisms in the form of biofilm, as in the case of anaerobic
fixed bed or fluidized bed processes [36,37]. The presence of a solid support, such as straw,
also suitable for biofilm formation, has led to significantly improved biogas production [38,39].
The formation of a biofilm promotes proximity of the microorganisms and could facilitate
syntrophic associations between the different microbial families responsible for the degradation
stages of organic matter in anaerobic digestion [40] and also encourage cross-feeding, where
some microorganisms take advantage of the metabolites produced by other microorganisms. In
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addition to being conducive to the development of a biofilm, the presence of a solid support can
have other advantages for microbial activities, such as: (i) providing a mineral structure that
can trap toxic compounds [37] and (ii) releasing some mineral components (Ca?*, Mg?*, Na*,
etc.) by leaching [41].

Despite having roughness similar to other pastes, CAC surfaces were less colonized: the biofilm
was thinner and the distribution at the surface was very heterogeneous compared to those on
CEM I and CEM III. Apart from a possibly different surface conditioning, the CAC chemical
composition was significantly different from CEM | and CEM llIl, in particular by the high Al
content (50% by mass) compared to Ca (40% by mass). In contrast, CEM | and CEM I11/C
contained mainly Ca (respectively about 60% and 40%) and lower Al content (about 4% and
10%, respectively). These significant differences in chemical composition may have been
responsible for limited proliferation at the surface of CAC paste. The study by Herisson et al.
[42] on calcium aluminate cements provides arguments in this direction to justify the
performance of CACs with respect to biodeterioration in sewage networks. The authors explain
the better durability of CACs by the abundance of aluminium in the binder, which has
"bacteriostatic™” properties [42]. The bacteriostatic properties of a compound inhibit microbial
growth without being lethal to bacterial cells. Buvignier et al. [43] recently investigated the
impact of Al (in the form of AICI3) on bacteria and showed that the bacteriostatic impact of Al
was only temporary and that, with time, bacteria became acclimatized to high Al concentrations.
The microorganisms seem to have adapted to the chemical composition of this material since,
although observed later on CAC than on other materials, microbial proliferation was established
on all the surfaces after 10 weeks of exposure.

Colonization of the surface covered with Ca-oxalate showed a radical change from one
deadline to the next. After 5 weeks of immersion, no microbial growth was present on this type
of paste. Then, colonization observed after 10 weeks was as intense as on a conventional CEM
| paste. Three hypotheses can be proposed to account for this: (i) microbial growth may have
occurred later on the surface of the oxalate salt, (ii) the oxalate on the surface may have been
dissolved before microbial colonization took place, or (iii) some microorganisms may have
made Ca-oxalate bioavailable and degraded it [44-46]. Regarding the second hypothesis, in
pure water at 30 °C (pH 7), Ca-oxalate monohydrate is characterized by a solubility (6.7 1073
0.100 cm™®) that is very low in comparison with that of Ca-acetate (34.7 g.100 cm -3).
Nevertheless, the medium may have contained compounds, e.g. citrates, capable of dissolving
Ca-oxalate [47,48].

4.2 Heterogeneity between the planktonic bacterial populations (media) and the biofilm
populations on the surface of the cement pastes

The microbial community on the surface of cement pastes was less diverse and less rich than
that of the medium of anaerobic digestion (supernatant). The microbial populations were more
dominated in the biofilm.

The microbial community profiles of biofilms (clustered in Group Il.a. Figure 5) were different
from those of the supernatants (clustered in Group |, Figure 4) for the CAC, CEM Il and CEM
I-Ox reactors. A different distribution of microbial communities between the supernatant and
the biofilm in the same reactor or in the same medium has already been reported in the literature.
For example, microbial proliferation on the surface of steel in marine environments shows
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similar characteristics [49,50]. The phylum Bacteroidetes was poorly represented in the biofilm
on the surface of cementitious materials, whereas it was present in the reaction medium (Figure
3). This difference between the medium and the biofilm in terms of microbial flora might reflect
a real dissociation between the composition of the medium and the composition of the biofilm
at the surface of the material (Figure 3, Figure 4). Celikkol-Aydin et al. [51] characterized a
marine biofilm dominated by the phyla Cyanobacteria, Bacteroidetes and Proteobacteria while
the seawater in which it was formed was dominated by the phyla firmicutes and proteobacteria
[51]. In this study, the steel surface was a favourable environment for the enrichment of
Cyanobacteria and Bacteroidetes.

In the presence of CEM I, the selection pressure between the supernatant and the biofilm
was less strong. The microbial profiles were clustered in the same group (Il), although
subdivided into two subgroups, IL.b and IL.b’. It is interesting to note that the profiles of the
microbial community of the 2 reactors containing CEM | were close to the profiles obtained on
the biofilms rather than being close to those obtained in the supernatants. CEM | cementitious
materials are chemically less stable than the other materials tested, such as CEM 11l materials,
which contain slag [52,53]. It is possible that CEM I, unlike other materials, had a higher
leaching rate and that the medium was enriched with cation, in particular calcium. This could
explain why the selection pressure between biofilm and supernatant was lower for reactors
containing CEM I. Therefore, the nature of the material may have an impact on the microbial
community profile on its surface (in the form of biofilm). The chemical composition of the
supernatant according to the type of immersed material may also influence the microbial
communities in the supernatant according to the compounds that are released by the materials.
However, these results must be taken with caution because, within the biofilms themselves, the
microbial distribution is not uniform over the upper and lower layers [54]. The structure of a
multi-species biofilm is made up of strata and Rochex et al. [55] showed a structure comprising
a thicker upper layer, composed of a dominant and weakly cohesive species, and a thinner, but
highly cohesive, basal layer with greater microbial diversity than the upper layer [55]. The
cohesion of the biofilm is heterogeneous according to the strata and increases with the depth of
the biofilm [56]. Despite all the precautions taken to recover as much biofilm as possible, it is
possible that not everything was detached from the surface of the cement paste.

5. CONCLUSION

All the surfaces of cementitious materials tested, made of CEM 1 (ordinary Portland cement),
CEM 1I/C (blast furnace slag cement), CAC (calcium aluminate cement), and CEM 1 treated
with oxalic acid, were intensely colonized at the end of the experiment. However, it should be
noted that the treatment with oxalic acid seemed to delay the establishment of the biofilm.
Microbial colonization also appears to have been slowed down or locally inhibited on the CAC
coupon, which showed a slower, less dense and non-uniform surface coverage. The effects
roughness and surface pH do not appear to be of prime importance for biofilm development.

The results of the microbial population analyses showed a less diversified microbial flora in
the biofilm than in the reaction medium
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