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Abstract

consolidation

The popular involvement of amorphous calcium carbonate (ACC) in organisms, usually via a complicated non-clas-
sical crystallization pathway, has aroused interest in the scientific community. In recent years, a lot of work has been
carried out for the preparation and application of ACC. In this paper, the effectiveness of ACC for the consolidation

of calcareous matrix was evaluated. ACC was synthesized through direct carbonation of calcium oxide in ethanol

and was introduced into simulated samples as consolidant. A comprehensive study for the assessment of protective
effect was carried out by testing surface strength, chromaticity, compressive strength, water vapor permeability, water
absorption and freezing-thawing resistance. The results showed that the addition of ACC could significantly improve
the surface strength, compressive strength and weatherability of treated samples, while it had only a slight influence
on color difference and water vapor permeability. It was confirmed that ACC could connect the loose calcite particles
by ‘spot welding’through heterogeneous nucleation and growth processes. As a consolidant, it demonstrated its mer-
its in this study and could be proposed as an alternative for the protection of weathered calcareous stones.
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Introduction
Limestone is a sedimentary rock made of calcium car-
bonate (CaCOs), usually in the form of calcite or arago-
nite. It is abundant in the earth’s crust and has been used
as construction and building materials from very ancient
times. Many immovable cultural relics, such as stone
carvings, monuments, niches and grotto temples, were
constructed on the base of limestone. Around the world,
especially in Europe, many famous churches were con-
structed using limestone as the main building material.
However, these cultural relics have suffered from damage
after long exposure to the natural environment.

To delay further deterioration of these cultural relics
bearing fruitful artistic, historic, and scientific informa-
tion, the most effective way is conducting conservation
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and reinforcement. Until now, commonly used materials
for the protection of weathered historic calcareous stones
include organic consolidant [1-5], inorganic consolidant
[6-8] and the hybrid one [9]. Organic consolidant usu-
ally possesses nice workability [10], such as good perme-
ability, low viscosity, and exhibit excellent reinforcement
performance [11]. However, since the organic materi-
als are apt to be attacked by microorganisms and suffer
from thermal-aging and photo-aging, the conservation
efficiency of organic polymers has been deeply con-
cerned by the scientific community in this field. While
considering the obvious incompatibility with calcare-
ous stones, the shortage of using organic consolidant
becomes much clearer. Owing to better physicochemi-
cal stability and compatibility than organic consolidant,
inorganic material has been considered as an alternative
for the consolidation of weathered calcareous stones.
Although inorganic consolidant is not easy to breed
microorganisms and has good hydrophilicity, its poor
permeability and sometimes harmful side-effect caused
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from crystallization and expansion [12] of soluble salts
restricted its wild application.

Limewater has been used for a long history. It is widely
known that the solubility of calcium hydroxide in water
is too low to provide enough consolidant in aqueous
phase. Meanwhile, the early stage reinforcement perfor-
mance [13] of inorganic consolidant is relatively poor.
Taking limewater as an example, it needs to absorb CO,
from air to facilitate carbonation [14] and usually it is a
time-consuming process. Attempts had been carried out
through adding calcium hydroxide particles and stabiliz-
ers in limewater. The breakthrough work was reported by
Dei’s group [15] for the synthesis of stable nano-Ca(OH),
particles in alcohols. It is a well-validated state-of-the-
art technology and the effectiveness has been proven in
numerous real life conservation cases. The consolidation
of calcareous relics by limewater or Nano-Ca (OH), is
usually accompanied by the formation of CaCO5 which
is the outcome of carbonation of Ca (OH), [16]. Rodri-
guez-Navarro et al. [17] revealed that the carbonation
of nano-lime in humid air at room temperature involves
the initial formation of amorphous calcium carbonate
(hereinafter referred to as ACC) and its transformation
to metastable vaterite (and minor aragonite) via a dis-
solution—precipitation process, followed by nonclassi-
cal nanoparticle-mediated crystal growth. Subsequently,
vaterite (and aragonite) partially dissolves and stable cal-
cite precipitates.

There are several polymorphs of CaCO;. The repre-
sentative crystalline forms include calcite, aragonite and
vaterite [18]. Besides these crystal phases, amorphous
calcium carbonate also exists and has been found to play
a very important role in the formation of many biomin-
erals [19] and also in the initial crystallization stage of
biomimetic mineralization. The popular involvement of
amorphous calcium carbonate in biological process [19,
20] in organism, usually via a complicated non-classical
crystallization pathway [21, 22], has aroused interest in
the scientist community. In recent years, a lot of work has
been carried out for the preparation and application of
ACC.

To date, plenty of methods had been reported for the
synthesis of ACC. According to the originating of CO,*,
they could be categorized to the followings: gas diffusion
[23, 24], direct mixing of the aqueous solutions of cal-
cium and carbonate salts [25, 26], hydrolysis of dimethyl
carbonate [27], Kitano solution [28] and supplying gase-
ous CO, [29, 30]. A lot of work has been carried out to
prepare stable ACC in ethanol media adopting CaCl, as
the source of calcium [23, 24, 31]. From the view point
of conservation, the introducing of chloride ion into ACC
may cause the crystallization of soluble salts which are
harmful for historic relics [32, 33]. Since ACC prepared
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from aqueous solutions usually shows poor stability, so
far, most studies involving preparation of stable ACC
have introduced organic molecules or inorganic ions
to prevent ACC from crystallization. These additives
include poly (acrylic acid) [25], carboxyl species [34],
magnesium ions [35], phosphorus ions [36], silicate [37]
etc.. Recently, Sun et al. [29] reported that high pure
ACC could be synthesized by direct carbonation of CaO
in methanol, which provided an alternative way for the
preparation of phase pure ACC.

The intriguing transformation process from ACC to
crystal state still has not been well mastered by scientists
until now [18]. In some cases, ACC transfers to crystal
state following a traditional ion-by-ion crystal growth
pathway, while the non-classical crystal growth pathway
[38] was usually reported in other studies. The end prod-
uct could be presented in multi-crystal powder or even
single crystal [39] which depended on the crystallization
conditions. In recent years, Rodriguez-Navarro et al. [40]
presented the first direct nanoscale evidence showing
that faceted calcite crystals could grow non-classically by
a layer-by-layer process through the amorphous-to-crys-
talline transformation and fusion of amorphous calcium
carbonate with the underlying calcite substrate.

The novel consolidation approach using ACC prepared
by mixing the solutions of CaCl,.2H,0 and Na,CO; was
first proposed and tested by A. Burgos Cara et al. [41] in
2017. The authors demonstrated a significant increase in
drilling resistance and durability of the treated stone by a
dispersion of ACC in isopropanol. In 2021, Pavlakou et al.
[42] reported the possible use of ACC for decayed mar-
ble. They tested the possibility of treating calcite mate-
rials with suspensions of amorphous calcium carbonate
(am-CaCO,;, ACC) and amorphous silica by measuring
the rate of dissolution of treated samples in slightly acidic
and undersaturated CaCOj, solutions. Samples deposited
with amorphous silica outperformed those treated with
ACC. However, the direct use of ACC as a consolidant
was still in its very early stage.

From the viewpoint of thermodynamics, ACC is a
metastable phase and tends to crystallize spontaneously.
Taking advantage of this characteristic of ACC, the main
objective of this paper was to explore the possibility of
strengthening weathered calcareous matrix by ACC. In
this study, a green synthesis process was used by direct
carbonation of CaO in alcohol for the formation of ACC.
High pure ACC was used as a potential consolidant and
its performance was assessed by comprehensive tests.

Materials and methods

Materials

Calcium Oxide (CaO, 98% +), ethanol (high performance
liquid chromatography grade, 99.9%) were received from
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Adamas-beta and used without further purification. Car-
bon dioxide (CO,, 99.995%) was purchased from Air Liq-
uide (Kunshan) Gas Technology Co., Ltd. Commercially
available calcium carbonate power with different grades
identified by their particle size (10 mesh, 100 mesh, 400
mesh, 1250 mesh) were purchased from Henan Yixiang
New Materials Co., Ltd. and used directly without any
pretreatment.

Methods

Synthesis of ACC

The synthesis of ACC was performed according to the
previously reported method [29] with some modifica-
tion by direct carbonation of CaO in ethanol. In a typi-
cal procedure, 1.25 g of CaO was added into 100 mL of
ethanol, and the slurry was grinded in a planet mill for
three hours to disperse it evenly. Then the uniform slurry
was transferred to an autoclave. When the temperature
reached 50°C, CO, was fed into it. The pressure was kept
at 0.5 MPa and the reaction continued for 2.5 h under
constant stirring at 500 rpm. After the reaction, the pres-
surized CO, was released from the autoclave. To remove
the small amount of over grown ACC particles, the reac-
tion mixture was centrifuged at 11,000 rpm for 10 min.
An almost hyaline ACC ethanol suspension was acquired
after centrifugation.

Characterization of amorphous calcium carbonate

The morphology of ACC was observed by the transmis-
sion electron microscope (TEM, JEM-2010, JEOL, Japan)
equipped with energy dispersive spectroscopy (EDS). The
attachments of high-resolution transmission electron
microscopy (HRTEM) image and selected area electron
diffraction (SAED) of JEM-2010 were used to get crystal-
lographic information. The crystal structure was inves-
tigated by X-ray diffractometry (XRD, D/MAX2200V
PCX) using Cu Ka radiation (A=1.5406 A), operated
under 40 kV and 40 mA. The infrared absorption spec-
tra were determined by a Fourier Transform infrared
spectrometer (FTIR, Nicolet IS50). Thermogravimetric
(TGA) and differential scanning calorimetry (DSC) anal-
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3" (Schwerzenbach, Switzerland). The TGA/DSC curves
were recorded in the temperature range of 25 to 1000 °C
in air at a heating rate of 10 °C/min. Viscosity was meas-
ured by a rotational viscometer (Smart series, ChemTron
Co.) at 25 °C. The particle size of ACC dispersed in etha-
nol were determined by the Zeta Potentiometer (Zeta
sizer Nano).

Preparation and consolidation of simulated samples
Simulated samples were prepared by a similar method
suggested by Yang [43] and Zeng et al. [44], which could
be considered as a proxy for heavily degraded calcare-
ous stones. Four kinds of calcium carbonate powders (10
mesh, 100 mesh, 400 mesh, and 1250 mesh) were mixed
uniformly in the weight ratio of 1:1:1:1. Ethanol was
added into the mixture in the ratio of 10 wt.% based on
the mass of calcium carbonate powder and then the mix-
ture was homogenized by stirring. The mixture of 10 g
or 30 g was weighed for each sample and pressed under
2 MPa or 5 MPa respectively by a tableting machine for
preparation of simulated samples. After that, the blocks
with the approximate size of ®20 x 15 mm for 10 g pow-
der and ®50 x 7 mm for 30 g powder were obtained.

After drying the test blocks under ambient condition
for 24 h, different amounts of ACC were introduced into
simulated samples for reinforcement at room tempera-
ture. ACC dispersed in ethanol synthesized in “Synthesis
of ACC” section was infiltrated into the simulated sam-
ples by spraying. The information about the introduced
amount of ACC was shown in Table 1. The amount of
ACC introduced by each spray was controlled to be less
than 2 wt.% based on the weight of compressed block and
the interval between each spray was 24 h. After infiltrat-
ing the required amount of ACC, the simulated samples
were kept in the environment at room temperature and
relative humidity of 70% with different periods before
further investigation.

Evaluation of consolidation effect
To evaluate the consolidation effect of ACC on simu-
lated samples, surface strength, chromaticity, sim-

ysis were carried out using a Mettler Toledo TGA/DSC  ple compression, water vapor permeability, water
Table 1 specification of simulated samples and the information of infiltrated ACC content for each sample
Specification of simulated sample Infiltrated content of ACC (wt.%)

Amount of ACC colloid” (g)
Size (mm) Mass” (g) Twt.% 2wt.% 3wt.% 4wt.% 5wt.% 6wt.%
020 x 15 10 3436 6.873 10.309 13.746 17.182 20619
O50 x 7 30 10.309 20619 30.928 41.237 51.546 61.856

" Errors for the mass of samples and the ACC colloid were 40.001 g; the solid content of ACC in ethanol dispersion was 2.91% based on the TGA analysis and

corresponding colloid was introduced based on this value.
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absorption, and freezing—thawing resistance tests were
carried out in this study. Surface strength was deter-
mined according to ASTM D3359-09¢2. Chromatic-
ity was measured by a I5 desktop spectrophotometer
(XRite, USA). The reported chromaticity was the average
of the measured values of three individual samples. The
color difference,AE*, was calculated by the equation of

AE* = \/(AL*)2 + (Aa*)? + (Ab*)? (where L*, a* and
b* were the measured chromaticity parameters: L* was
brightness, a* and b* were chromaticity coordinates (a*
was the red—green parameter and b* was the blue—yel-
low parameter)). Compressive strength was measured by
a microcomputer controlled electronic universal testing
machine (CTM8050) under the loading rate of 0.5 mm/
min. Water vapor permeability was determined by a dry
test method according to the Chinese national stand-
ard of GB/T 17146-2015. A mixture of microcrystalline
wax (60 wt.%) and paraffin (40 wt.%) was used as seal-
ing material. The sample with the diameter of 50 mm
was used and it was sealed on the top of the test cup.
According to that cord, the setup was put in a chamber
with the humidity about 50 4 3%. This configuration pro-
vided the high-pressure side of partial water vapor, while
the relative humidity of the low-pressure side of partial
water vapor was kept at 0% via the absorption of water by
anhydrous CaCl, loaded in the cup. The temperature was
maintained at 23.0 £ 0.5 °C during the test. The freezing—
thawing resistance test was conducted according to the
Chinese national standard of GB/T 50,266—2013. Before
freezing—thawing resistance test, samples were satu-
rated with water by soaking them in water at 15-20 °C
for 48 h. One freezing—thawing cycle included the freez-
ing phase (immersing sample in refrigerating fluid at
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— 20 °C=+2 °C for four hours) and the following thaw-
ing phase (soaking sample in water at 20 °C £2 °C for
another four hours).

Results and discussion

Characterization of ACC

XRD pattern in the upper part of Fig. la showed the
crystallinity of the powder obtained by rapid-drying the
transparent colloidal suspension synthesized in “Syn-
thesis of ACC” section at 150 °C in a pre-heated oven. It
presented two broad humps at 30° and 45° respectively,
indicating an amorphous phase characteristic [45] of this
powder. XRD pattern for powder kept in ambient for
a week was also shown in the lower part of Fig. la. All
peaks could be attributed to the diffraction of calcite,
confirming the powder could change from amorphous
state to crystal one spontaneously. Samples dried at a
lower temperature increasing rate (for example, heat-
ing up from room temperature to 150 °C in an electric
oven by its full power supply) were highly unstable. XRD
patterns obtained from samples dried by this process
showed it was always the mixture of some sharp peaks
and two broad traditional humps. All these results indi-
cated that ACC could nucleate spontaneously from
amorphous to crystal state under natural conditions.

The measurement of FT-IR could provide fruit-
ful structure information and it has been performed by
many researchers for the characterization of ACC. Fig-
ure 1b showed the IR absorption spectra of ACC and
calcite at room temperature. The Fourier transform infra-
red (FT-IR) spectroscopy spectrum of the rapid drying
powder showed typical characteristics of an ACC phase.
It could be found from the spectra that the characteristic
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Fig. 1 a XRD patterns for powder obtained by rapid-drying process (upper part) and powder obtained by keeping it under ambient for one-week
(lower part), the bar chart in the lower part was the reference of calcite; b IR spectra of ACC and CaCOs at room temperature
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band v, of calcite at 712 cm™" was replaced by two low-
intensity splitting bands at 695 and 725 cm™!, which was
a typical feature of ACC [23, 29]. The band at 695 cm™!
could be assigned to O—C-O bending (v,) in the struc-
ture of the amorphous state of CaCOj,. Bands at 864 and
1076 cm™! could be attributed to out-of-plane bending
(v2) and symmetric stretch (v1) in non-centrosymmetric
structures [21]. Compared with the sharp out-of-plane
bending (v2) at 876 cm™! for calcite, the corresponding
one shifted to 864 cm™! and became relatively wider for
ACC. In addition, it was worth noting that the infrared
spectra of ACC and calcite were quite different in the v,
band at 1076 cm™' and the v; band at 1434 cm™'. The
absorption peak of ACC at 1076 cm™! was caused by the
symmetric stretching vibration of the non-centrosym-
metric structure in proto-calcite form. The relative broad
absorption peak at 1434 cm™! which could be attributed
to the asymmetric stretch of the carbonate ions (v3) for
calcite separated into two peaks located at 1474 cm™!
and 1416 cm ™. The peaks splitting at 712 and 1434 cm™*
for calcite were typical characteristics of ACC vibrations
[23]. The broad peaks at around 1636 cm ™! and the broad
band at around 3367 cm™! were due to vibrations of
structural water molecules of ACC.

All the above results indicated that ACC was success-
fully synthesized in our experiment. The electron diffrac-
tion (ED) pattern shown in Fig. 2b further confirmed the
lack of crystallinity in the sample, as only diffuse diffrac-
tion rings were observed. From the TEM image in Fig. 2a,
it could be found that ACC tended to form secondary
agglomeration particles from nanoparticles with several
or several tens’ nanometers. The histogram in Fig. 2c
unraveled that the particle size distribution of ACC was
relatively narrow and centered at 13 nm, which was con-
sistent with the results obtained from TEM observation.
The Tyndall effect (Fig. 2d) could be clearly observed in
ACC ethanol suspension by an incident light beam, dem-
onstrating a stable dispersed nanoparticle system.

To understand the difference in thermodynamic trans-
formation characteristics between ACC and calcite, the
TGA/DSC measurements were carried out. The TGA and
DTG (Derivative Thermogravimetry) curves were shown
in Fig. 3a, b. The mass drops about 12.38% observed in
the TGA curve before 200 C were related to physical
absorbed and structural water. Considering the prepara-
tion conditions and drying process of ACC, the lost water
here was the free water absorbed from air during the dry-
ing process of liquid samples. In addition, combined with
the analysis of TGA and DSC curves, there was an obvi-
ous exothermic peak in DSC curve where there was no
weight loss at 326 ‘C in TGA curve. It indicated that ACC
underwent a crystal transformation around this tempera-
ture. The exothermic peak could be reasonably explained
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as that high energy state ACC transformed to a lower
energy stable state of crystalline calcium carbonate and
released the energy of the system.

In addition to the mass drop associated with water, a
weight loss above 600 °C could also be observed on the
curves of TGA and DTG. This mass drop was associated
with the thermal decomposition of CaCOj; into CaO. The
decomposition of CaCO; transformed from ACC shifted
to lower temperature compared with that occurred for
the reference CaCO5 powder. The decrease of the decom-
position temperature of CaCO5 could be attributed to
the nano-size effect. From the weight loss quantity in the
high temperature section, it could be calculated that the
CaCO; content in ACC was more than 96.9 wt.% which
showed high purity of ACC. Based on the experimental
dosage, the solid content of ACC in the colloid after full
carbonization of CaO could reach 3.00wt%. The calcu-
lated value of the solid content of ACC in ethanol disper-
sion was 2.91% based on the TGA analysis. The decrease
of that value was attributed to the removal of a small
amount of over grown ACC particles.

Evaluation of the conservation efficiency

Nice workability, one of it was penetration property,
could be considered as one major aspect for the fulfill-
ment of conservation. The measured value of viscosity for
the obtained colloid was 2.1 ¢cP at 25 °C. Since the ACC
prepared in this study had a very small particle size and
colloidal suspension had a very low viscosity, its excellent
penetration property should be expected. Here, to test
the penetration property of ACC in simulated samples,
the instantaneous states about a droplet of ACC colloidal
suspension from the contact with the simulated sample
to completely penetrate into it was visually recorded by
high-speed photography. Figure 4 showed the scenarios
from 0-0.3 s about a droplet of ACC. It’s very clear that
a drop of ACC suspension could quickly penetrate into
the simulated sample, which took less than 0.3 s for the
whole process. It illustrated that ACC truly had a good
property about penetration which was suitable for fur-
ther reinforcement of weathered heritage relics.

The surface strength test after the addition of variable
amount of ACC to the simulated samples was carried out
by the ‘Scotch Tape Test’ method. The surface strength
was evaluated by the calculation of removed mass from
the surface of the simulated sample by the scotch tape.
The smaller the mass of the removed material from ele-
mental area, the greater the surface strength of the sim-
ulated sample. It could be found from Fig. 5a that the
surface strength of the simulated sample was significantly
improved with the increase of infiltrated ACC content
and the effectiveness became tender when the infiltrated
amount of ACC exceeded 3 wt.%. The sample treated by
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the addition of 6 wt.% ACC showed that the strength was
about 13 times higher than that of the blank sample (0
wt.% ACC).

The appearance of samples with different amounts of
ACC (1~6 wt.%) were similar with the blank one with-
out the addition of ACC. Here, only chromatic properties
of the blank and the samples with the addition of 2 wt.%
ACC were listed in Table 2. As comparison, samples with
the addition of 2 wt.% GPTMS were also measured. Gen-
erally, AE*<5 is considered to be acceptable for practical

conservation, since such small variation will not be easily
detected by naked eyes. In our experiments, the addition
of ACC resulted a tiny color change while the addition
of 2 wt.% GPTMS made the variation of E* value exceed
this criterion. However, it should be noticed that this
result might be different from the consolidation of natu-
rally decayed limestone since the simulated samples were
made up of white calcite powder in this study.

To assess the compressive strength of the treated sim-
ulated samples, a simple uniaxial compressive test was
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Fig. 4 From a-d, the pictures showed the instantaneous state of the
surface of simulated sample recording the penetration process about
a drop of ACC colloidal dispersion

performed. It could be speculated from Fig. 5b that as
the mass of the infiltrated ACC increased, the compres-
sive strength of the simulated samples increased linearly.
The fitting formula was y=0.5767 4 0.3964x, where, “y”
represented the compressive strength (MPa) of the simu-
lated sample, and “x” represented the mass ratio of ACC
penetrated into the simulated sample.

It could be concluded from our experiments that ACC
could be considered as an effective candidate for the rein-
forcement of weathered calcareous matrix. The introduc-
ing of 1wt. % ACC to the simulated sample could double
the compressive strength. And the compressive strength
had been increased to about 5 folds after introducing
ACC with a mass ratio about 6 wt. %. Similar tests were
conducted by Yang et al. [43] where nano-Ca(OH), dis-
persed in Isopropyl alcohol was used as consolidant for
comparable simulated samples in our study. In Yang’s
work, the introduced nano-Ca(OH), particles trans-
formed into loose rhombohedral crystalline calcite grains
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Fig. 5 aThe surface strength of the simulated sample with the penetration of ACC; b Scatter diagram (purple) and its fitting curve (red dotted line)
of compressive strength of treated simulated samples by the addition of ACC

Table 2 Chromaticity parameters for specific samples

Blank 2wt% ACC 2wt% GPTMS
L* 92.29 91.73 87.76
a* 0.84 094 1.64
b* 348 422 6.98
AE* - 093 5.79

GPTMS 3-Glycidoxypropyltrimethoxysilane

after two weeks’ incubation in air. There was no obvi-
ous improvement in superficial strength and compres-
sive strength for the simulated weathered stone samples
treated with the nano-Ca (OH), dispersion. However, it
was very clear that the infiltration of ACC could improve
the surface strength and compressive strength of the
simulated samples effectively at the same time in our
experiments.

The water vapor permeability of samples was tested
through the dry method by sealing the simulated sample
on the top of the test cup with anhydrous CaCl, in it. The
water vapor permeability coefficient & (kg/s-m-Pa) of the
measured sample was calculated according to formula

(1):
G
8 = TP xRa—Ri) (1)

where ‘G’ represented the wet flow in the unit of kilo-
gram per second (kg/s) through sample, which could be
deduced by drawing the curve of the mass increase of
the test system with time; ‘A’ was the exposed area of the
tested sample in square meters (m?); P, was the saturated
vapor pressure at the test temperature (23 °C) with the

value of 2.80880 kPa in this experiment; Ry, represented
the relative humidity (50%) on the high water vapor pres-
sure side; Ry, represented the relative humidity (0%) on
the low water vapor pressure side.

The results shown in Fig. 6a revealed that the water
vapor permeability coefficient did not decrease sig-
nificantly after adding ACC to the simulated sample. As
comparison, the water vapor permeability for sample
with the addition of 2 wt.% 3-Glycidoxypropyltrimeth-
oxysilane as a consolidant was also tested. Introduc-
ing 2 wt.% of ACC into simulated sample caused a 13%
decrease of water vapor permeability, while that value
was 33% for sample introduced the same amount of
3-Glycidoxypropyltrimethoxysilane. Since silane had
been wildly used as consolidant to reinforce weath-
ered stone. Our results indicated that ACC adopted as
an additive for the reinforcement of weathered stone
showed better performance than silicone-based mate-
rial [46] in terms of water vapor permeability. And it also
suggested that ACC could be considered as a suitable
consolidant, since it did not dramatically alter the water
vapor permeability. Nowadays, retaining the pathway for
water and gas exchange after the addition of conserva-
tive materials to heritage relics has aroused deep concern
during conservation practice. It has a profound effect on
improving the durability of conserved heritage relics,
since blocking the pathway for the transportation of salt
and water could cause severe damage by the addition of
conservation materials [30].

Since water vapor permeability has a close relationship
with porosity [47] of the tested sample, the water absorp-
tion property of the simulated sample with or without the
addition of ACC was tested by recording the mass change
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Fig.6 The variation trend of a water vapor permeability coefficient of simulated sample and b water absorption rate of simulated sample with

the increase of ACC content. The purple bar corresponding to 2Siin a expressed the water vapor permeability coefficient of simulated sample
containing 3-Glycidoxypropyltrimethoxysilane with 2wt% of its own mass; ¢ Picture of the blank sample after soaking in water for 1 min; d Picture of
the simulated weathered sample with Twt% ACC after soaking in water for 24 h

of the simulated sample after 48 h immersing in pure
water at room temperature. The value of water absorption
for untreated sample could not be obtained since it col-
lapsed completely after immersion in water for only a few
minutes. This situation was shown in Fig. 6¢. Since there
was no cementitious material in the untreated simulated
sample, disintegration became inevitable when it was
immersed in water. Contrast sharply with the untreated
sample destroyed by water rapidly, sample reinforced by
the addition of 1wt.% of ACC could maintain intact in
water after a long period of immersion. Observation for
samples reinforced by the addition of 1~6 wt.% of ACC
had lasted for 30 days after being immersed in water and
there was no obvious change for these samples. Nice

disintegration resistance performance also confirmed
the consolidation efficiency of ACC. It could be found
from Fig. 6b that with the increase of the amount of ACC
introduced to the samples the water absorption of the
simulated sample decreased to some acceptable extent,
which was consistent with the results for water vapor
permeability. The decrease of water vapor permeability
and water absorption were the outcome of the reduc-
tion of the volume of pores in the tested samples. It was
also an acceptable and reasonable side-effect for the rein-
forcement of weathered stone by the addition of consoli-
dant especially when the decrease was not severe.
Freezing—thawing resistance experiments were carried
out to assess weather resistance of the tested simulated
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samples treated by ACC. The number of freezing—thaw-
ing cycles for specific simulated sample was counted
until obvious cracks appeared in it. The results were
shown in Fig. 7. It could be found that the number of
anti-freezing—thawing cycles of the simulated sample
increased significantly with the increase of the amount
of introduced ACC. The number of anti-freezing—thaw-
ing cycles increased from 2 to 20 as the content of infil-
trated ACC increased from 1 wt.% to 6 wt.%. When 4
wt.% ACC was introduced into the simulated sample,
the number of freezing—thawing cycles of the test sam-
ple reached 19. Therefore, combined with the results for
the study of mechanical strength, it showed that in the
process of infiltration reinforcement of simulated sample,
the infiltration of 4 wt.% could achieve satisfactory rein-
forcement effect. At the same time, with the increase of
freezing—thawing cycles, the mass of absorbed water in
the tested sample increased gradually. It indicated that
the freezing—thawing process gradually caused damage

ted mass(g)

=g
A
co

o=
ot
Water sa tura

Fig. 7 The number of freezing-thawing cycle and water absorption

quality for tested samples with different content of ACC
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to the tested sample by losing the cementitious material
transformed from ACC.

Combining the above experimental results, it could
be deducted that the penetration of ACC for the rein-
forcement of simulated samples was not resulted from a
simple particle filling effect in the pores but a cementi-
tious effect on the particles of the tested simulated sam-
ple through its own epitaxial growth by nucleation and
crystallization or direct transformation by a non-classical
pathway. The mechanism will be discussed in detail in the
later section. The utility of ACC as a consolidant could
not only reinforce the weathered sample effectively but
also maintain the water vapor transportation function.

Microstructure analysis and the protective mechanism

of ACC for simulated sample

Positive effects for the utility of ACC as a consolidant for
calcareous matrix had been revealed clearly in this study.
The exhibition of nice performance for the conservation
of simulated samples by the addition of ACC should have
an inherent relationship with the change of microstruc-
ture. To understand this, SEM images corresponding to
samples before and after the filtration of ACC were com-
pared. It could be found from the image in Fig. 8a that
the edges and surfaces of particles were regular and the
boundaries between particles were clear in the untreated
sample. When it was reinforced by ACC, the edges and
surfaces of particles became irregular and the boundaries
between particles became obscure. Some representative
spots were highlighted in the red circles in Fig. 8b.

The general impression obtained from the analysis of
these SEM images was that the enhancement of mechan-
ical properties for simulated samples was aroused by
the fusing of the contacted particles and the filling of
powders transformed from ACC. This result could be
reasonably explained by heterogeneous nucleation and
growth of ACC on the surface of calcareous matrix. The

: , : W
Fig. 8 The scanning microscopy image of unreinforced simulated stone a and simulated stone reinforced by the addition of 4wt% ACC (b). the red
circles highlighted the heterogeneous nucleation sites for ACC
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spontaneous transformation of metastable ACC to sta-
ble calcite under nature conditions had been elucidated
by many researchers and it was also confirmed in this
study. In some cases, the single crystal could also be pre-
pared by this transformation process, when it underwent
in well controlled conditions. For example, in the work
reported by Tang et al. [30], centimeter-sized mono-
lithic CaCO; signal crystal could be obtained by the
crosslinking of CaCO; oligomers using different thermal
treatment protocols with careful control of temperature
between 300 to 325 C, or the damaged single-crystalline
calcite (Geological Iceland spars was used in their work)
could be perfectly repaired using CaCOj, oligomers.

However, the laboratory-controlled condition was far
from that we met when the weathered stone was con-
served under natural condition which might cover a
wide range of temperature and relative humidity. This
study was carried out in a relatively standard condition,
which was 25C and 70% RH. It had been revealed that
relative humidity and temperature could result to differ-
ent consolidation effects when nano-Ca(OH), was used
for calcite matrix. For instance, P. Lopez-Arce et al. [48]
consolidated dolostone samples used in historical build-
ings by exposure slaked lime (Ca(OH),) nanoparticles at
33 and 75% relative humidity (RH). They found that 75%
RH favors the consolidation process by a fast transforma-
tion of nano-Ca(OH), into vaterite, monohydrocalcite
and calcite and significantly improve the physical and
hydric properties of the stones, but do not favor calcite
re-crystallization as it occurs at 33% RH. To explore ACC
as a consolidant, the impact of temperature and humidity
on the evolution of carbonate phases from ACC should
be carefully studied in the future.

In our experiments, the synthesized ACC colloid
showed low viscosity and high penetration capability.
With the volatilization of ethanol, ACC nanoparticles
could deposit on the surface of calcite powder. In the pro-
cess of reinforcement, it was found that a small amount
of ACC, such as 4 wt.%, could result in a very good rein-
forcement effect. Since the calcite transformed from
ACC could not be clearly distinguished from the calcar-
eous matrix. The growing habit of calcite spontaneously
transformed from metastable ACC colloid was observed
on the surface of glass or on the surface of calcite. The
morphologies of the resulted calcite were shown in Fig. 9.
The calcite functioned as a substrate and it would influ-
ence the crystallizing habit of ACC. Under natural condi-
tions without a calcite substrate, it could be found that
ACC grew into spherical or short rod-like crystalline
CaCOjs as shown in Fig. 9a. When it grew on the surface
of calcite in a confined state, the crystals became very
fine and compacted in a closely connected state. These
phenomena accorded with the theory of crystal nucleus
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formation and growth in crystallography. When the cal-
cite powder was used as substrate, ACC nucleated and
transformed into the calcium carbonate crystal and grew
on the substrate firstly. After that, the calcium carbon-
ate continuously precipitated in the high-energy surface
of the newly formed crystals to reduce the energy of the
system and make the nucleation and growth much easier.

Combined with the results in our study, the specific
consolidation mechanism of ACC for calcareous matrix
was assumed and schematically shown in Fig. 9c. When
ACC dispersed in ethanol penetrated into the simulated
sample, ACC nanoparticles in colloid quickly adhered to
the surface of calcite powder and then the transformation
was followed by heterogeneous nucleation and growth.
It was assumed that the growth pathway of ACC was
similar with that revealed by Rodriguez-Navarro et al.
[40] through a nonclassical crystal growth mechanism
via the attachment of ACC nanoparticle. The process
involved surface diffusion and ultimate incorporation
coincided with dehydration and restructuring at macro-
steps, deriving from previously attached ACC particles
that form 2D islands or macro-spirals on the calcite sur-
face. Since nucleation and growth of calcite from ACC
was involved, the kinetics of this process deserved to be
further studied. Relative works had been done for the
carbonation process of nanolime and the beneficial for
future study for ACC system could be forecasted. For
example, the ‘Boundary Nucleation and Growth’ model
was adopted by Camerini et al. [49] for the first time to
consider the effect of surface area of Ca(OH), nanoparti-
cles on the carbonation kinetics. In their study, the effect
of temperature on the carbonation kinetics and on the
CaCO; polymorphs formation was evaluated.

It should be noticed that the nucleation and growth
might happen randomly and continue to grow until the
tips of the macro-spirals or islands contacted and fused
with the counterpart growing from the adjacent calcite
powder. So, the simulated sample was strengthened by
‘spot welding’ through heterogeneous nucleation and
growth pathway of ACC.. Obviously, in our experiments
we could not assure that all ACC particles were con-
sumed in this effective way. So, to effectively use ACC as
consolidant, the method of application and the pretreat-
ment of the substrate deserved to be carefully studied in
the future.

Conclusion

Colloid ACC in ethanol was successfully synthesized
by direct carbonation of CaO and it was adopted as
a consolidant for calcareous matrix taking advantage
of its spontaneous transformation from high energy
amorphous state to low energy crystal state confined
on the surface of calcite powder. The surface strength,
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Fig. 9 Morphologies of particles transformed from ACC in natural conditions: on the surface of glass (a); with influence of calcite powder as
substrate (b). and the proposed mechanism for the reinforcement of simulated sample by ACC (c)

compressive strength and freezing—thawing resistance
of simulated sample could be greatly improved by intro-
ducing ACC. Compared with the untreated sample, the
compressive strength increased by 5 times and the sur-
face strength increased by 12 times after the addition of
6wt% ACC into the simulated samples. The addition of
ACC as consolidant did not change the pore structure
significantly, which was reflected by the tender decrease
of water vapor permeability coefficient and water absorp-
tion rate. The nice conservation performance of ACC
could be explained by ‘spot welding’ through heteroge-
neous nucleation and growth pathway of ACC. Results

about the assessment of conservation efficiency indicated
high potential of ACC for the application of the protec-
tion for stone cultural relics with calcareous matrix.
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