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Abstract

Surface treatment is a frequently used metfoodconservation and restoration of building
materials. . In this study, a novel and environnfeiendly strategy, bacterially induced calcium
carbonate precipitation was applied to strengthersturface of limestone. The treatment procedure
for bio-deposition was first optimized regarding thspects of treatment frequency and treatment
time. Ultrasonic velocity was used to charactetize surface properties. It turned out that two
subsequent applications of a one-step bio-depaosiieatment had the best effect, where the
transmitting velocity of the ultrasonic wave wasrgased with around 10~20%. The improvement
mainly occurred from the surface till the depthdoEm and the largest increase was at the depth
around 2 cm. Meanwhile, a commercial chemical ethliate based consolidant, was applied under
the same condition. Yet the efficiency measuredii®gy increase in ultrasonic velocity was not
significant.

I ntroduction

Buildings and monuments are susceptible to degmadgbrocesses, such as salt attack,
biodeterioration, air pollution, etc., which resinta decline in mechanical, chemical and aesthetic
properties. To preserve the architectural heritagstoration and renovations are executed using
techniques which are practical, economical, durable ecological [1, 2]. Conservation is possible
through cleansing, desalination or consolidatiothefstone. Surface treatments, like applicatioa of
hydrophobic surface layer or graffiti protectingatiogs are also options [3]. In this study, baelbyri
induced CaCe@precipitation was investigated to strengthen tiréase of limestone. It is well known
that most bacteria can induce the formation of Ca@Qgiven suitable conditions [4]. This
biogenic-CaC®is regarded as an environmentally friendly ancheodical material for engineering
applications. Moreover, it has a better compatipilith the inorganic materials matrix than those
organic chemicals which are currently used for aefprotection and consolidation [5-7]. The
CaCQ can plug the pores and/or form a continuous wateof coating to hinder the penetration of
corrosive substances, resulting in improved surfaoperties.

In this research, a carbonate precipitatingdyaum,Bacillus sphaericus, was used to induce the
formation of CaC@ This is an ureolytic strain, which can decomposea (CO(NH)2) into
ammonium (NH") and carbonate (C£). The latter then promotes the deposition of Caid@ Ca
rich environment. The aim of this study is to use in situ formed bio-CaC£o fill the pores and/or
form an extra dense layer on the surface/in theixnaitthe limestone, and hence improve the surface
properties.
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Materials and M ethods

Maastricht Limestone. The Maastricht limestone has a pale yellow cotat eonsists mostly of
microfossils and sand-size fragments of microctlystacarbonate. It is a soft bioclastic calcarenit
of the Upper Cretaceous age belonging to the Mahstiormation that has surfaced in southern
Limburg being part of Belgium and the Netherlan@ike Maastricht stone is mostly used for
restoration purposes and is one of the few natiwelnatural stones that is still used in the bagd
industry [8]. The material is very homogeneous,clilmakes it ideal for lab use. The sub-angular
grains consist primarily out of sparitic calcitehish are skeletons of sea organisms and shell
fragments. A remarkable property is the large fresistance of the stone due to its coarse pore
structure (dominant size of pores is 46 um). Theena also has a large durability [8]. The dengsty
around 1400 kg/m?3 and the average porosity is %/ .bhe calcium carbonate content is around 98 %
[9,10].

The limestone block was cut into small pieces aiiize of 40 mm x 20 mm x 100 mm. Before the
treatments, the specimens were pre-conditioned airaconditioned room (20+2 °C, 60%RH) until
the weight changes were less than 0.1% within 2&¢shimtervals. The front surface (40 mm x 20
mm) was chosen for treatment. During the treatmetiier side surfaces were covered with
aluminum foil to prevent the contact with air andstmulate in situ conditions.

Tetraethyl orthosilicate (TEOS) consolidant. An ethyl silicate based solvent-free stone
strengthener was used, that has been designedicglcifor limestone. The product reacts with
water that is present in the pores and forms anourghwater-containing silica gel (aqueous 3O
which functions as binding agent (Eq. 1).

Si(0C,Hs), + 2H,0 - Si0, + 4C,H;0OH (1)

TEOS has a Siggel deposit rate of approximately 30 % and itstiea speed is dependent on the
humidity and temperature of the environment. Thactien takes about three weeks under
standardized circumstances (20°C and 50 % RH)rdaghes an optimum when the temperature is
between 10 and 20 °C. The treatment cannot beeaapijlthe temperature drops below 5 °C. The
silica gel is weather resistant and has a high ta¥ikty. There are no by-products that damage the
building and large penetration depths can be aeliev

Bacterial strain and cultivation. Bacillus sphaericus LMG 22257 (Belgian Coordinated
Collection of Microorganisms, Ghent) was used is tBsearch. Selection of this bacteria was based
on our earlier research [11,12], which shows that $train has a high urease activity (40 mM urea
hydrolyzed. OD'h') and a high calcium carbonate production. Thedvactvere grown in a sterile
medium consisting of yeast extract (20 g/L) anday9 g/L) for 24 hours on a shaker (120 rpm, 28
°C). The grown culture was then used for the follaybio-deposition treatment. The concentration
of the bacteria in the culture was around d€lis/mL.

Biodeposition and chemical treatment. All treatments were applied through capillary
absorption. A volume of 150 mL solution (used f@atment) was first poured into a petri dish (d =
150 mm) and the solution level was around 9 mm. Pplastic bars (d = 2 mm) were placed in the
petri dish as a support for the stones. The sutfabe treated (face down) can therefore contattt wi
the solution without touching the bottom of therpdish. About 7mm of the specimens was directly
immersed in the solution. Therefore, the penetnatibthe treatment agents into the specimens was
mainly by means of capillary force.

For biodeposition, a two-step treatment was firstestigated according to previous research
[13,14]. The specimens were first placed in thetdyéad grown culture for 4 or 20 s and then in a
precipitation medium for 6 or 40 s, respectiveljeTprecipitation medium, which was optimized
based on CaC{precipitation performance of bacteria, consistedrea (1.11 M) and Ca-formate
(12.11 M). In the meantime, a one-step treatment exgdored. The bacterial cells from the grown
culture were first centrifuged (7000 rpm, 7 min)aresuspended in the precipitation medium.



Subsequently, the stones were placed in the olstaimeture for 10 s or 1 min. The treatment was
carried out on the same specimen twice or threestim

The chemical treatment was similar to the one-btegeposition treatment. The specimens were
placed in the ethyl silicate for 10 s or 1 min. Theatment was only applied once. As control, the
stones were also treated only by pure water omptkeipitation medium. The aluminum foil was
removed one week after the treatment. All treatsierdre performed in triplicates.

Ultrasonic measurements. The ultrasonic measurements were performed seess after
treatment. An ultrasonic pulse velocity testervekponential 55 kHz transmitting/receiving probes,
was used. The measurements were performed eachdverrthe depth of the stone. The probes were
placed 20 mm form the bottom of the stones (Fig:hg device was regularly calibrated with a 51.6
ps calibration rod. The ultrasonic measurementagesends a 55 kHz pulse from the transmitter to
the receiver. The time needed for the pulse tceetrrem the transmitting end to the receiving end i
given by the device. By measuring the dimensionghef stone, the travel time could then be
converted to a travel velocity. The transmittindgoegy before and after the treatment can therefore
be calculated. The wave travels fastest in sabitihived by liquid and gas. With formed precipitates
on the surface and in the matrix, the velocity exgsected to increase. Therefore, the efficiendhef
treatment was indicated by the increase in veloghtich was defined as follows.

_ Va Vb
Vs

X 100% )

Where:
R = relative change in transmitting velocity (%)
IV, = transmitting velocity after treatment (km/s)
V, = transmitting velocity before treatment (km/s)

Fig.1. Position of the ultrasonic measurementsherstone; the front surface has been treated
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Results and Discussion

The velocity of the ultrasonic wave transmitting 8pecimens before and after different treatments
is shown in Fig.2 to Fig.8. The depth in the graphs counted from the treated surface (d = 0).dhre
replicates a, b, and c were used for each kindeatrnent. The treatment time was either 10 s (A in
the figures) or 1 min (B in the figures). The ralatchange in transmitting velocity after treatmisnt
also summarized (C in the figures).

The moisture content of the matrix influences tia@gmission velocity of ultrasonic waves. The
velocity of a sound wave through water is 1.48 kft&, which is lower than that through solid
limestone and higher than that through air. Theggfthe higher the moisture/water content in the
matrix, the higher the velocity due to the watbedi pores. However, after a short contact withemat
either 10 s or 1 min, the change of the velocitg waite limited. As shown in Fig.2C, the difference
in velocity before and after water contact wassighificant. Nonetheless, to minimize the effect of
initial moisture content on comparison, all speais@vere pre-conditioned in a room with a stable
temperature (20°C) and relative humidity (60%eaist 3 weeks before and after the treatment. Since
moisture in the specimens is needed to react wiityl silicate to generate the consolidant (Eq.1),
complete drying of the specimens prior to treatnveas not applicable.
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The treatment by the precipitation medium withbacteria resulted in a slight increase (0~5%0) i
velocity for 10 s treatment and a slight decred@se8%) for 1 min treatment (Fig.3). While all
bio-deposition treatments resulted in more obvioasease in transmitting velocity. The pronounced
increase (10~15%) mainly occurred from the surtdcéhe depth of 4 cm. Deeper than 4 cm, the
increase was not so significant anymore (only adob®o). The largest increase in velocity was
noticed at around 2 cm depth. The two-step biditreat showed very limited superiority over the
one-step treatment. The overall velocity increaas 8~15% for the two-step bio-treatment and was
1~12% for the single one-step treatment (Fig.4 Bigds). When the one-step bio-treatment was
applied two times, the velocity increase from deptto 4 cm was enlarged to 10~20 % (Fig.6).
However, further increase was not observed aftetrtple one-step bio-treatment (Fig.7), which had
a similar velocity increase as the double one-g&gtment. Moreover, prolonging the contact time
with the treatment solution from 10 s to 1 min dat further improve the treatment efficiency.

The small variation in the transmitting vetgcof the specimens in the precipitation medium
without bacteria could be due to the remains o$&ltin the pores and/or the moisture changesin th
matrix after contacting with the medium. The vaaatalong the whole depth was rather homogenous
compared to the samples subjected to the bio-deposieatments, in which the increase of velocity
was assumed to be due to the precipitation of Hattieinduced calcium carbonate inside the matrix.
And hence, the treatment efficiency was dependethh® amount of biogenic-CaGO he improved
relative velocity changes at the different locasiocan also indicate the distribution of the preaied
CaCQ along the whole depth of the specimen, which weterchined by the penetration of the
bio-agents. During the two-step treatment, badteells were absorbed into the pores of the stone i
the first step, followed by the absorption of theqgitation precursors (urea and Ca source).
Precipitation started after the bacteria met wittauand C&. While in the one-step treatment, the
bacterial cells were pre-mixed into the preciptatmedium and therefore the cells and precipitation
precursors reached the matrix at the same timeraDyvthe penetration time for bacteria was the
same in these two treatments while for precipitapoecursors the time was shorter in the two-step
treatment. Theoretically, therefore the one-steptinent could be more efficient than the two-step
treatment. However, no significant difference whsesved. The reason could be that the difference
in the amount of CaC{&Jormed in the two conditions due to a differenbhgteation time and contact
time was not large enough to create a significaiiérénce in ultrasound transmission time. An
improvement was seen after the repetition of thattnent, which was indeed due to penetration of
more cells and precipitation precursors into tl@ast and hence more precipitation could be formed.
Yet, no further increase in velocity was noticetkathe triple treatment. Since the specimens were
far from saturation, further absorption of celldgrecipitation precursors from the medium was
expected, resulting in more Cag@@rmed. Nevertheless, no further improvement waseoved.
This could be attributed to the sufficient consatidn of the stone after the double treatment tzrga
shortest route through the solid material for tlaves.

In all bio-deposition treatments, the sigrafit increase in velocity mainly occurred at depths
below 4 cm and the largest increase was at théndeptind 2 cm. The reason could be that bacteria
started to induce the deposition of CallOring the penetration process. The newly fornaatigles



in the pores created extra barriers for the furipemetration of the bio-reagents. Therefore, the
penetration rate gradually decreased along thehnd@pie farthest location the bio-reagents could
reach was around 4 cm deep. It should be notedhbarecipitation did not occur immediately at the
beginning of penetration. As time went on, deposisitarted and CaG@ccumulated. The plugging
effect from the accumulated particles greatly hiedehe further penetration of the bio-reagents. A
further quantification of the actual amount of Ca(@ecipitation at each location is needed in future
research.

No improvement in the specimens treated with esilidate was observed in this study (Fig.8).
The reasons could be that there was not enoughummisside the matrix to react with ethyl silicate
and/or not enough ethyl silicate penetrated indige2to a short treatment time.
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Fig.3 Ultrasound velocity in specimens immersetheprecipitation medium without bacteria for 10
s (A) and 1 min (B), and velocity change (C)
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Fig.4 Ultrasound velocity change for the two-stépdieposition treatment (A: 10 s; B: 1 min; C:
increased velocity after treatment)
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Fig.5 Ultrasound velocity change for the orepdbio-deposition treatment (single treatment, 10s
(A) and 10 min (B); C: increased velocity afteratirment)
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Fig.6 Ultrasound velocity change for the one-stiepdeposition treatment (double treatment, 10 s
(A) and 10 min (B); C: increased velocity afteratirment)
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Fig.7 Ultrasound velocity change for the one-stepdeposition treatment (triple treatment, 10 s
(A) and 10 min (B); C: increased velocity afteratirment)
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Fig.8 Ultrasound velocity change for the spaemsitreated by ethyl silicate for 10 s (A) and b mi
(B), and velocity change (C)

Conclusions

In this study, a novel biodeposition treatm&at used to strengthen limestone. It was found tha
the best efficiency was achieved in a double oap-steatment (with combined application of
bacteria and nutrients), which brought about 10~20%ease in the transmitting velocity of
ultrasonic waves, indicating a great consolidagéfigct in the matrix. The highest increase was foun
at around 2 cm below the surface. Chemical treatimgnse of ethyl silicate, using the same contact
time, did not lead to a significant consolidation.
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