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SUMMARY: The main cause of building-facade biodeteation is the

growth of microorganisms. The state of surfacen®@g parameters which
affects the most biofouling kinetics. The main alipe of this study is to

highlight the influence of mortar chemistry and piisysical properties on
algal growth. The green alg&tebsormidium flaccidurnas been chosen for
this work because of its representativeness. Irerotd characterize the
influence of the mortar chemistry on biofouling,rtand cement (CEMI)

and aluminate cement (CAC) were used. The biofgulkmetics was

followed on samples tested in a laboratory bencherev the mortar
specimens were exposed to a sprinkling of algapesusion. The algal
growth was daily monitored by image analysis. Thmization rate was
given by the ratio of colonized area to the totatface. In our case, the
surface roughness doesn't seem to affect the adgédnization. The

experimental method highlights that surface pH ahdmistry of cement
used in mortar formulations have an influence aalafouling. In fact, the

colonization kinetics of CAC mortars is lower thtwat of CEMI mortars.

Keywords: algae, biofouling, calcium aluminate ceimmecarbonation,
Klebsormidium flaccidupmortar, Portland cement.

INTRODUCTION

Spots observed on building facades arise from arrieg phenomenon of deterioration.
The facades ageing causes a change of the sutédeemhich favours the development
of black, red or green spots, in particular in pece where the rainwater flows. These
[SiPOtS are actually an association of microorganiantstheir secretions called biofilm

The biofouling is a priority in the current framd oaterials sustainable
development. Understanding of the interactionsinigiviodeterioration is a prerequisite

Calcium Aluminates: Proceedings of International €&wence, Avignon, 18 —21 May 2014. Fentiman CH,
Mangabhai RJ and Scrivener KL (Editors). IHS BRESBr2014, EP104. ISBN 978-1-84806-316-7.
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for control of material ageing in real conditio3rganic materials such as paints and
polymers, and also mineral materials such as mactarcrete, natural stones and clay
bricks are sensitive to biodeterioration. Barbeseud! showed that the organic
materials resist generally better to the coloniratby algae andCyanobacteriathan
mineral materials. The microorganisms observed rame diversified and more
plentiful on mineral materials than on organic dtdiss.

Cementitious materials are heterogeneous, poraiishair surface roughness can
be an important parameter. All these propertiemdeheir bioreceptivity’ . Previous
studies have determined the influence of mortats/sigal characteristics on their
biofouling. Among them, the roughness of the sw@efac’ and the porosit{*®'” seem
to be the most important parameters of biodetermra

Besides the intrinsic characteristics of mineralatenals, the environment
determines the type of microorganism which colosizefacadé®”. The climate, in
particularly temperature and moisture, determinéschv microorganism will mainly
grow. The rain and the wind favour the transponnidroorganisms. The orientation of
facades also impacts the biological developmentedmosure facing to North will be
characterized by higher humidity and an absencdirett sunshine. These conditions
favour the biofoulingl'g'“].

Cementitious matrix partially weather because ef phesence of carbon dioxide
in the atmosphere. The natural carbonation of threeral matrix leads to a decrease in
surface pH and favours the microbiological colotia®Y. An alkaline surface pH
can totally inhibit the colonization of a materia} microorganisms. The carbonation
thus favours the biological colonization by deciegsthe latent period by half’.
Indeed the pH affects the microorganisms becausgutlates the ionization mechanism
of metabolites™™. Their anchorage as well as their growth is themsierably
influenced.

The main colonizing microorganisms are microaldargi and bacteria (such as
Cyanobacterijp ™37, Barberousse! identified the micro-algaeKlebsormidium
flaccidumas the major microorganism developed on facadlebsormidium flaccidum
is considered as a ground species. It is a gregnveith wide ecological amplitud&’.

It can be found in the ground, on rocks, stonesyalhd bark of trees. It is known for its
wide broadcasting in temperate regi&ité®!

The main objective of this study is to highligheé thubstrate chemical composition
influence on the biofouling kinetics. Particularteation will be devoted to the
mineralogy of cements that were used.

MATERIALSAND METHODS

Mortarsformulation

In order to study the influence of the mineral cieng on biofouling, two types of

cement were selected: one Portland cement and aorima aluminate cement. The
Portland cement was a CEM | 52.5 N CE CP2 NF “S&jdeéd CEMI) (provided by

Italcementi) and the calcium aluminate cement (do@AC) was the Ternal White

(provided by Kerneos). The chemical compositionsioled by X-Ray fluorescence are
given in Table 1.
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Table 1: Chemical composition of the two different typeseshent CAC and CEMI and the siliceous
sand (%owt)

% SiO, TiO, AlLO; FeO; CaO MnO MgO NaO K,O0 P,0Os LOI
CAC 498 1.89 49.99 1.70 38.61 0.06 0.58 0.39 0.26150 0.47
CEMI 2170 0.16 4.25 041 6953 0.01 0.79 0.32 0.00.05 2.79
Sand 97.44 0.04 1.15 0.1 0 0.07 0.15 0.39 0.53 0.0D.2

The samples were prepared with either CAC or CEMI siliceous sand (Sifraco
DU 0.1-0.35). The formulation was composed of 3d%ement and 70% of sand. The
w/c ratio was fixed to 0.57 and 0.5 for CAC baseattars and for CEMI based mortars,
respectively. The w/c ratios were chosen on theshasnortar consistency. Indeed, the
w/c ratios have to be adapted in order to improweekability and placing of the fresh
mortar into moulds while avoiding bleeding.

The dry mix was added in water in a Perrier mixBne mixing time and
procedures followed the NF-EN-196-1 standard. Treshf mortar paste was then
poured into polystyrene moulds of 50x50x1 cm. Thdage finishing involves placing
the mould on a vibrating table and removes the sxagwortar with a ruler. Two
roughnesses were realized for each formulation. |dWwest one was obtained with the
ruler. The highest roughness was obtained thanlesrtmighcast roller applied during
the setting. The mortars were stored 7 days at 200C100% of relative humidity (RH)
before being cut. The final dimensions of the s@mplere of 8x20x1 cm.

Accelerated weathering of mortars was carried atd & climatic chamber at
20°C and 65% RH® under pure C@flow. The carbonation step was stopped when the
surface pH of all the specimens reached 9. Theooatlon time was of 30 and 38 days
for CEMI and CAC cement based mortars, respectivig@lie to the higher resistance to
carbonation of CAC than CEMI, the carbonation tiwess longer for CAC specimens.
Furthermore, some specimens (called uncarbonate stored at 20°C and 100% HR
under pure Nin order to avoid carbonation and to use thenetesences.

The mortars mineralogical composition was inveséideby X-ray diffractometry
(XRD) and thermogravimetric analysis (TGA) afteinging of samples at diameter
below to 75 pum.

Unexpectedly, the presence of carbonates was hadetgcted for CAC based
mortars. It was assumed that accelerated carbonaticurred only at the surface. This
hypothesis was checked by grazing incidence X-iffisadtometry (GIRDX).

The thermogravimetric analyses were performed vattfsetaram TG92. The
furnace was heated at 10°C.miftom 20 to 1000°C under argon atmosphere.

X-ray diffraction patterns were recorded on SiemBB&900. The XRD analysis
was made with an angular step of 0.02° for a titep sf 13s from 5 to 60° 2. The
GIRDX was performed with a 0.04° angular step, ti'se step from 5 to 40° @. The
analyses were performed under three incidence su@gte0.5°, 1° and 3°.

The mortar porosity was measured via mercury ifdrusporosimetry
(Micromeritics Autopore 1V 9500) after drying 24 drs at 60°C.

The surface roughness and the pH were determinadkshto an optical
profilometer CHR-150-L and a surface electrode (W$@nhtix Sur), respectively.
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Algal culture

Strains of Klebsormidium flaccidumwere supplied by the Museum National
d’Histoire Naturelle (MNHN, Paris, France). The tcwés were conducted in batches
containing culture medium (Bold's Basal) and exdose an artificial light with
photoperiods of 12 hours. Two fluorescent lampsugfd Osram) provided a light
intensity 20pumol/m3/s PPF (Photons Photosynthétig)rvhich corresponds to a power
of 30 Watts. Temperature and hygrometry were regdlaat 20°C and 60% RH
respectively.

Biofouling laboratory test
The system consisted of a glass chamber (100x56x50in which were settled two
stainless steel supports inclined at 45° (Figure 1)

Glass chamber 100 cm
_\G 30W neon lamp ( ]
s
i Sprinkling rail
:ﬂ”’ﬁg“ <~ Test specimen 50 em
l .
Pump .| Algal suspension = in :iliz:rg:retlc

a) b)

Figure 1. Laboratory bench of the colonization of mortarsdtgeaming of algal suspension; (a): seen
from aside, (b): front view

The mortar samples were exposed to the same comslitif light (20 pmol/m2/s
PPF), with 12 hours photoperiods, and tempera20Q) than the algal culture. The
box was filled with 50 L of micro-algal suspensi@mnitial concentration of 4 mg/L dry
mass), which was pumped and sprinkled on the topasfar samples. The flow was set
to 26 + 1 L/h. The sprinkling period was of 90 ntesievery 12 hours.

CAC based mortars were separately tested from Cieddéd mortars. The pH of
surfaces, as well as that of the filtered algapsuasion, was evaluated versus time.

Biofouling evaluation

Image analysis was used in order to evaluate thi@dding. The surface of each
sample was daily digitized, using an office scanfiédre numerical color image was
converted in the YIQ color space to improve theedgbdn of algal spots. The Q channel
was used to quantify the colonized surface by tloleing and segmentation. The
colonization rate was given by the ratio of col@tizarea to the total surface.

Three characteristic times can be extracted froendtitas: théatency time (1),
thehalf colonized time (t1/2) and thefinal time (t;) which correspond to 0,5%, 50% and
100% of colonization rate, respectively.

RESULTS
Mortars characterisation

The physical characteristics are summarized indablThe porosity and the surface pH
are similar between CAC and CEMI. Two grades ofglmess were obtained. The
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reference is the uncarbonated CEMI based mortachwixhibits the highest surface
pH.

Table 2: Mortars characteristics

Cement w/c % porosity Surface pH Roughness Code
Smooth : (35¢6) um  CAC 05 SC
CAC 057 (10£2)%  93%0.2 ) ok : (138+17) um CAC 05 RC
Smooth : (40£6) um  CEMI 05 SC
Rough : (179+20) um CEMI 05 RC
Smooth : (35¢6) um  CAC 05 SUC
Rough : (138+17) um CAC 05 RUC
Smooth : (38+12) um CEMI 05 SUC
Rough : (150+25) um CEMI 05 RUC

Carbonated
CEMI 0.5 (12+2)% 9.1+0.3

CAC 057 (10x2)% 11.3+0,2

Uncarbonated
CEMI 0.5 (11+2)% 11.8+0.2

Accelerated carbonation of Portland based mortars

Figure 2 represents the thermograms of carbon&gar{d uncarbonated (UC) CEMI
based mortars. Table 3 summarized the weight lodstected by TGA, with their
identification and quantification.

—uc| 0 200 400 600 800 1000 T(°c) Table3: Thermogravimetric analysis of the

...... c o —= 0 uncarbonated and carbonated CEMI based
2 4§\ - ] mortars
L Weight
----- 02 < T Omax T roange Iosgs Phase
— £ °C) (°C) 0
X -6 A A (%)
® - 048 140  60-160 4.5 CSH gel + E
C 2 e 180 160200 13 Ms
-10 + —| 06 490 450520 2.3 Ca(Oh)
CaCO; ™ 780  600-850 2.3 CaGO
g JOHAE L o8 140  60-160 2.4  CSHgel +E
Figure 2: DTG-TG curves of uncarbonated (solid 180  160-200 1 Ms
line) and carbonated (long dashed line) CEMI based® ~ 490  450-520 1.6 Ca(Ohl)
mortars; E: Ettringite; Ms: Monosulfoaluminate 700  520-760 2.6 CaGOo
840 760-900 3.3 CaGO

The ATG curves of the uncarbonated CEMI mortar ldigp four peaks: two
peaks below 200°C assigned to the dehydration dfi @8d ettringite and another
corresponding to dehydration of monosulfoaluminatéird peak ranging from 450 to
520°C assigned to deshydroxylation of portlanditd a fourth peak corresponding to
the calcium carbonate decomposition (> 600°C).

In contrast, the ATG curve of carbonated mortamghfive endothermic peaks:
the dehydration of CSH and ettringite below 2008&@ne as uncarbonated sample, the
dehydration of Ms, around 180°C, the dehydroxglatdf portlandite (around 490°C)
and decarbonation above 520°C. Two carbonates gexsition was detected: one in
temperature range 520-760°C which corresponds terit@a (a metastable phase of
calcium carbonate) decarbonation and the secowdebat 760°C and 900°C, which is
assigned to calcite decomposition.

The CSH and ettringite decomposition for carbona®ehple presents a lower
weight loss than for the uncarbonated sample (2:4¢%5%). The weight loss assigned
to portlandite dehydroxylation is lower for carbteth mortar than for uncarbonated
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one. No peak of vaterite decarbonation for unceabemh sample was detected,
indicating the formation of this phase during aecaed carbonation cure. The
decarbonation of calcite in carbonated mortar aggpas slightly higher temperature
(840°C vs. 780°C).

The diffractograms below confirm the mineralogicamposition.

s|] sic s sk s
s
30
s NE N9
Z 3
Z
g
£ a) c Pc vV PP
Pl wMiJ b
5 15 25 35 45 55

20 (°)
Figure 3: Portland based mortars a) Uncarbonated b) carbodateé: Ettringite, P: Portlandite; C:
Calcite, V: Vaterite, S: quartz, Ms: Monosulfoalunaitie.

According to literaturé*®*®° three carbonation modes can be noticed for CEMI
based mortars. The mode | corresponds to the catibbon of portlandite by
precipitation of calcite into the interstitial sdéhin. The mode Il and Ill, associated to
the carbonation of CSH, involve vaterite and ara@goformation respectively. The
results, from thermogravimetric analysis, suppdit thypothesis since weight loss
associate to CSH decomposition is lower for cartemhaample than for uncarbonated
mortar.

Accelerated carbonation of CAC based mortars
The thermogramshow the thermal decomposition of the three hydratel carbonate
contained in CAC based mortars (Figure 4).

Table 4 : Thermogravimetric analysis of the

0 200 400 600 800 ?000 T(C) uncarbonated and carbonated CAC based mortars

0 ||'||...||||1..||:|| 0

T max Trange L(?St Decompositior
. o weight
_ ( C) ( C) (%) process
04 £
E 125 20-160 4.4 CAR
X 170 160-200 0.4 fBHg
08 g ucC 295 200-325 6.6 AHl
330 325-400 1.6 A\Hg
AH 765 600-900 1.2 CaGO
-16 3 L -1.2 125 20-160 3 CAH,
Figure4: DTG-TG curves of uncarbonated (solid 170 160-200 0.6 BHg
line) and carbonated (long dashed line) CAC basedc 205 200-325 6 Akl
mortars 330  325-400 1.2 BHg
805 600-900 2.2 CaGO

The CAHo, and GAHg dehydration occurs around 125°C and 170°C,
respectively. The two peaks in the temperature gap@0-400°C were assigned to
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dehydroxylation of AH and GAHg dehydration. The decarbonation occurs above
600°C.

From a general perspective, the two profiles amy eiose. However, the peak
assigned to CAlp dehydration presents a higher weight loss for tboraated mortar
than for carbonated one. There is no significafieince between the Atand CaCQ@
weight loss observed on uncarbonated mortar andonated mortar. However, the

[czglrzlg]onation reaction shall provide AHs described on equations (1), (2) and (3) below

CAHp + CO,— CaCQG + AHz + 7TH0 (1)
CAHg + 2C0O,— 2 CaCQ; + AH3 + 5HO (2)
CsAHs + 3CO,—~ 3 CaCQG; + AH3 + 3H0 3)

Monocarboaluminate (of formulay&8CH1; and noted Mc below) may be formed
as a transient reaction product. Its decompositiomortars occurs in the same range
than that of the hydrates phas&making its detection by TGA questionable. XRD
analysis also does not enable the observation ofRdsults are similar to those from
TGA (Figure 5-1): The effect of carbonation cureat clearly observed.

The hypothesis is to consider the accelerated opatlmm as a surface
phenomenon where the reaction occurs only in aghiface layer. In order to validate
this hypothesis, grazing incidence X-ray diffraceam (GIRDX) was used. Figure 5-2
presents the result obtained by GIRDX on a raw isp&t. The analysis was made on
the smoothest surface exposed during carbonatio ti

S
CAH,, AH
CAH,o . 1b) Mq ® AH,
- 5|
% b)) 5 ¢
3N A Moy v Moy, e
= it Nl Z h .y v v
= 7} ki TR d W, o | 'Y \
2 g AH, e g
g £ a ! 3 Mc  Mc
£ = u h AH S
W”Mmmww”f v "wv CCAA‘l‘ .V, |
iyl vm)‘. )l ‘u«i’\.w" P bnsn,

25 35 45 55 5 10 15 20 25 30 35 40

C,AH, A
a")\'U\LWW
5 15

20 26 (°)
1- XRD on bulk CAC mortar 2- Grazing incidence X-ray diffraction on

raw surface specimen of CAC mortar
Figure 5. Two diffractograms of CAC based mortars_ a) uncadied b) carbonated; Mc:
monocarboaluminate BC Hy,; V: vaterite; C: calcite; S: quartz

It appears that the amounts of A&k well as carbonates (calcite and vaterite) and
monocarboaluminate are higher on carbonated sudmoe the peaks intensities are
higher for carbonated sample. According to equatifl) to (3), the Aklis formed
during the carbonation reaction.

According to the method given by Deldif! the carbonation depth has been
estimated by varying the incidence angle during grazing incidence X-ray diffraction
experiments. The carbonation depth was estimat&8 pin in Bragg conditions.
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The results in Figure 6 represent the pore sizeiloision obtained by mercury
intrusion porosimetry (MIP).

Concerning CEMI based mortars, the carbonation atspaon the porous
distribution network. Calcite precipitation intoethpores decreases their diameter
because of a higher molar volume than portlandiat explains the shift of maximum
intrusive volume from microporosity (0.6 um) to dlpy pores (0.01 pum). These
results are consistent with those of other auth®r§9:2123-2%

~CAC 057 UC~CAC 057 C
-~CEMI 05 UC --CEMI 05 C

o
o

o
SN
L

o
N
1

Intrusive volume (mL/g)

0.01 0.1 1 10
Pores size (um)
Figure 6: Pore size distribution of carbonated (solid line)dauncarbonated samples (dashed line)

o ©
o
o
=

The MIP also confirms that carbonation of CAC basedrtar is a surface
phenomenon. Indeed, the maximum pore size disioibsit for uncarbonated and
carbonated samples are very close (0.02 um ver6@s0n). The total porosity (given
in Table 2) doesn’t change whatever the mortar tdation and the weathering.

Biodeterioration
The colonization curves are all S-shaped (Figurend 8). Figure #epresents the
colonization rate of carbonated CEMI and CAC basedtars.

The colonization of CEMI based mortars begins firgtfter 5 days of
experimentation, the colonization rate increasesgevthe CAC based mortars begin to
be colonized only after 15 days. Furthermore, thlerdzation rate of CEMI mortars is
higher than that of CAC mortars, as illustratedhmy steeper slopes of the curves.

--CAC 05 SC -o-CAC 05 RC -=-CEMI 05 SC -« CEMI 05 RC

100
80
X 60
£ 40
20
0

0 20 40 60 80

Time (days)

Figure 7: Biocolonization of Portland (Black dots) and Aluiti& cement based mortars (white dots)

There is no difference for CEMI based mortar evieseiveral authors>°2°
highlighted the roughness as one of the most digcative parameter. The colonization
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of CAC based mortars presents the same trend étka smoothest surfaces are first

colonized. In our case, the roughness does noifisgymtly favor the colonization rate.
The pH decrease accelerates the colonization kmelindeed, the slopes of the

curves are steeper for the carbonated mortarsttieamncarbonated ones (Figure 8).

--SC -+ RC -©-SUC -o-RUC

60 80

0 20

40
Time (days)
Figure 8: Influence of carbonation on colonization rate (lKadots: pH=9; white dots:pH=12) of CEMI
based mortars

Moreover, colonization begins after 5 days for¢aebonated samples whereas 10
days are necessary for the uncarbonated mortaeshah colonization time is of 12
days for carbonated mortar while uncarbonated nmeré@e colonized at 50% after
approximately 30 days. A sharp drop is observedufararbonated CEMI samples of
smooth surface which results from algal agglomeratetachment. The difference in
colonization rate between rough and smooth surfescgght.

Figure 9 represents the latency time, the halfraaldion time and the final time
for each formulation.

80 B CACSC @ CACRC 8 W CACSC Z CACRC
M CEMISC NCEMIRC W CEMISC N CEMIRC
& CEMISUC & CEMIRUC 6  ®CEMISUC & CEMIRUC

D
o

Time (days)
ey
o

Time (days)
D

N
o
N

tl t1/2 tf tl

1- Latency time () half colonization time (},) 2- Focus on latency time
and final colonization time (tf) depending on
cement use in mortars

Figure 9 : Impact of cement used in mortars on their biofaylin

The chemical composition has an impact on th&,fand . CEMI carbonated
mortars present shorter times than uncarbonatethra@nd CAC carbonated mortars.

The CAC based mortar presents a latency time sméén the uncarbonated
CEMI mortar. The tendency is the same fgs &nd { smooth surfaces colonization
times.

Rough surfaces CAC based mortars presegnarnd t longer than rough surfaces
CEM mortars. According to previous studig&*>?® the colonization times decrease
when roughness increases. In this study, it is oloserved. The behaviour is



Dalod, Govin ,Guyonnet, Grosseau, Lors and Damidot

approximately the same between rough and smooflacesr except for CAC based
mortars where the surfaces with the highest rougghvalue are colonized after the
smoothest one.

In order to confirm the surface influence, the etioh of solution pH and surface
pH versus time were followed (Figure 10).

(@) =CACC  +CEMIC  <+CEMIUC |(b) +CACC  +CEMIC  -+CEMIUC
13 9.0
12 ¢+ S s
. i 5 S s
211 g 80
Q Qo
€10 s 370
3 w
9 ©
. 6.5
0 20 40 60 0 20 o °
Time (days) Time {days)

Figure 10: (a) Evolution of surface pH of mortars (solid lineAC based mortars; long dashed line:
CEMI based mortars carbonated; short dashed lin&MT based mortars uncarbonated); (b) pH of
filtered algal suspension during time

The pH surface of uncarbonated samples (CEMI basediars) markedly
decreases during the first days of the experiméngu(e 10 (a)).The alkaline
hydroxides are leached by the algal suspensiorer A% days, the surface pH reached
the value of the carbonated samples. However, thefpcarbonated samples does not
fluctuate significantly. Indeed, the initial carladad surface pH value is around 8.5 and
the final value is around 8.2. The accuracy offthal value of pH may be subjected to
some small variation as the surface is recoveredltpge. As the mortars surface pH
decreases with time, the pH of algal suspensioreases (Figure 10 (b)). This increase
is related to the leaching of the alkaline hydresich the suspension.

The leaching kinetics is the same whatever the andormulation. The interface
phenomena between algae and mortar surface sheutydstigated.

CONCLUSIONS

The simulating water streaming of the biofoulingdeatory bench enables to study the
relationship between chemical composition of mihemaatrices and their
biodeterioration kinetics by green algae.

The calcium aluminates cement based mortars cam d¢bwn the colonization
kinetics compared to Portland based mortars. Thendg time is longer and the
colonization rate decreases with calcium alumineséesent based mortars.

The results presented here demonstrate that tthenatic value roughness does
not give enough information to highlight its influge on the micro-algae colonization
rate, even though previous studies have provemtpact of roughness on biofouling.

The effect of surface pH confirms the chemical iotpan biofouling. The
accelerated carbonation allows confirming thatdhkeium carbonate layer produces a
more bearable environment and the decrease of\sféhe growth of green algae.
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