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Abstract

The use of calcium hydroxide nanoparticles (nanolime) in hydro-alcoholic suspensions represents
a good enhancement in particular in the conservation of stones and surfaces of interest in Cultural
Heritage. In this work we have produced nanolime by using our alternative method of synthesis
(based on the use of a surfactant agent in the original solution) and we have studied, for the first
time, structural and morphological properties of the synthesized nanoparticles directly in hydro-
alcoholic suspension by synchrotron X-ray diffraction technique and transmission electron micro-
scope observations. The particles characterization was performed on suspensions synthesized by
varying surfactant content in the synthesis procedure and the water/alcohol ratio, too. We have
found that only pure and crystalline Ca(OH); particles produced during the synthesis procedure
and they maintained stably in suspension. These particles were hexagonally plated and regularly
shaped with side dimension ranging from 300 to 40 nm or less; they had a platy habit and they pre-
sented, particularly with high alcohol content in suspension, a preferred orientation along z-axis.
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1. Introduction

Calcium hydroxide was a material with numerous chemical, industrial, environmental, and architectural applica-
tions [1]-[8]. In all its applications, a high reactivity was of paramount importance, so that Ca(OH), particles
with submicrometric dimensions (nanolime) were recently introduced in the field of Cultural Heritage conserva-
tion in order to obviate to the limitation of traditional treatments. The produced nanolimes were successfully
employed in form of hydro-alcoholic suspension on mural paintings, stuccoes and frescoes [9] as well paper and
wood deacidification [10]; refurbishments of architectonical surfaces were considered too [11]-[14]. Nanopar-
ticles of calcium hydroxide offered, in addition to compatibility and sustainable action towards the main histori-
cal substrates, the following advantages: the possibility to penetrate deep into damaged zones, less limitations
due to the particle size, high reactivity and fast reactions, such as carbonatation, in the treated zones, high purity
and defined composition [15] [16].

Nanolime was typically synthesized by a chemical precipitation process in supersaturated aqueous solutions
of reactants; in particular, the method started from aqueous sodium hydroxide solution (NaOH) added drop by
drop in an aqueous calcium chloride (CaCl,) solution, maintained at high temperature. The supersaturation de-
gree, the high temperature and the slow mixing time tended to favor Ca(OH), nucleation rate with respect to
particle growth, promoting the precipitation of nanosized calcium hydroxide particles. After synthesis, the pro-
duced white precipitate phase was washed, in order to remove the sodium chloride that was produced during the
reaction, and water was partially substituted with an alcoholic medium to improve particles disagglomeration
and stability ([17] and ref. in). Disagglomeration allowed to have higher specific surface, leading to more reac-
tive and more penetrating particles; besides, the higher stability of Ca(OH), alcoholic suspensions in comparison
to aqueous media, reduced the tendency to form a white film onto the surfaces to be consolidated [18].

In the present work we proposed, for the first time, the study of the crystal structure of calcium hydroxide
nanoparticles directly in hydro-alcoholic suspension. The nanoparticles were synthesized by an original method
that allows obtaining them easily and drastically reducing the time of synthesis with respect to other procedures
reported in literature [19]-[21]. In fact, especially if tenths of grams were prepared, we passed from several
hours for the drop by drop method to few minutes, as discussed in our previous work [22]; this ratio scales with
the quantity of the preparation. The straightforwardness and quickness of our synthesis method could allow to
scale-up the nanolime production opening different possibilities in engineering fields, where the use of lime play
a fundamental role [22] [23].

In this paper we compared an aqueous nanolime suspension synthesized drop by drop (method 1), to the na-
nolime obtained by our original method (method 2). Actually, in method 2) a non-ionic surfactant agent was
added in the initial aqueous solutions of the reactants, allowing us to obtain, in very simple and more effective
way, the final product mixing the starting solutions simultaneously. We considered different surfactant contents
and different water/2-propanol ratios, in order to examine their influence on the structural parameters of calcium
hydroxide. For both methods, we carried out a partially substitution of the initial dispersing medium (water)
with 2-propanol, leaving a water residual content of 75%, 50% and 25% in volume, respectively.

In spite of several scientific works done in last years to characterize the final dried phase of the nanolimes, to
our knowledge nobody has studied the structure of Ca(OH), nanoparticles directly in suspension, as they are
used in the applications. We studied the structure of the Ca(OH), nanoparticles in suspension by means of dif-
fraction from X-ray synchrotron radiation at the European Synchrotron Radiation Facility (ESRF) in Grenaoble
(France). The high energy and high flux of this source have allowed measurements of diffraction in transmission
of the particles inside the hydro-alcoholic medium. Data were analyzed by means of the Rietveld method and we
investigated the structure of Ca(OH), particles in suspension in terms of cell parameters, atomic coordinates,
bond lengths and angles; we determined morphology and preferred crystallographic orientation too. March
model [24] was widely used in Rietveld refinements for correcting the diffraction intensities with respect to the
effects of preferred orientation.

The morphology and particles size were also investigated by transmission electron microscopy (TEM).

2. Materials and Methods
2.1. Synthesis of Ca(OH), Nanoparticles

Calcium chloride dihydrate (CaCl,-2H,0), sodium hydroxide (NaOH) and 2-propanol pro analysi products,
supplied by Merck, were used without further purification. In case of synthesis method 2) polyoxyethylene (10)
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tertoctylphenyl ether, Triton X-100 (C14H,,0(C,H40)10), a high-purity, water-soluble, liquid, non-ionic surfac-
tant, purchased from Fluka were used too. Water was purified by a Millipore Organex system (R > 18 MQ cm).

Method of synthesis 1). This method started from two aqueous solution of calcium chloride (0.3 M) and so-
dium hydroxide (0.6 M) maintained at the temperature of about 90°C; the alkaline solution of NaOH was added
“drop by drop” to the CaCl, one, as reported in our previous work [25]. Aqueous nanolime suspension (with a
Ca(OH), concentration of 10 mg/ml) has been defined as sample 1.

Method of synthesis 2). In the original solution of CaCl, and NaOH a surfactant agent (Triton X-100) was
added and then the solutions were mixed together simultaneously, at the temperature of 90°C [25]. A suspension
characterized by a Ca(OH), concentration of 10 mg/ml was obtained. In particular, following this procedure, we
prepared two Ca(OH), suspensions, each characterized by a surfactant content equal to (0.40 + 0.02) g and (4.00
+ 0.02) g respectively. As in method 1), we performed several deionised water washings to remove the NaCl
produced and the surfactant too, obtaining two final suspensions called 21 and 211 samples, respectively.

For both methods, we carried out a partially substitution of the initial dispersing medium (water) with
2-propanol, leaving a water residual content of: 75% in volume (samples 1, 215 and 2115), 50% in volume
(sample 211sg) and 25% in volume (samples 21,5 and 211,s).

2.2. Characterization of the Ca(OH); Nanoparticles

We investigated, by TEM technique (Philips CM100), the dried particles morphology of the samples under
study. The measurements were performed on the samples dried under vacuum.

We performed the SR-X ray measurements on GILDA (BMO08) beamline at ESRF; the patterns were collected
in Debye-Scherrer geometry on a 2D image plate detector. The experiment was performed at an incident beam
wavelength of 1 = 0.7277 A and the sample-to-detector distance adjusted to obtain data within the 6° - 53° 26-
angle range. Data were collected from 0.2 ml of hydro-alcoholic suspension sealed within a cell with Kapton
windows, mounted on a rotating sample holder in order to avoid deposition of the nanoparticles during the mea-
surement, to make a good average of the structural characteristics of the particles in suspension and to improve
statistics. Patterns of each of the three solvents, water, 2-propanol and Triton X-100 were collected to consider
their contribution in the analysis of the background in the hydro-alcoholic Ca(OH), suspensions data. Sample-
to-detector distance, detector-tilt angles were calibrated against standard SiO, measured in the same geometry of
the samples. Diffraction images were integrated into 26 patterns with the program Fit2D [26]. Each pattern was
analyzed by the Rietveld method implemented in the FullProf package [27]. Structural refinements of Ca(OH),
were performed considering the P-3m1 space group and taking data from Ref. [28] as initial values. We refined
the zero point, scale factor, cell parameters, atomic coordinates, bond lengths and angles, Debye Waller factors
and preferred orientation parameters. We introduced preferred orientation in order to correct a lack of intensity
on some reflections. We used March model for preferred orientation as implemented in Fullprof program;

. -3/2
P, =G, Jr(l—caz){(e1 cosa)’ + S'gah } )
1
where G; and G, were parameters, which could be refined and Py, is the angle between the scattering vector and
the normal to the crystallites (platy habit) or to the fibber axis direction. When G; > 1, particles were characte-
rized by a “platy habit” if, as here, Debye-Scherrer geometry was used [29].
By Rietveld analysis we also determined the coherent domain size for each considered sample. In particular,
the average apparent size was calculated using the different reciprocal lattice vectors as reported in Fullprof
manual [27].

3. Results and Discussions

3.1. Morphology of the Ca(OH). Nanoparticles

We reported, in Figure 1, TEM observations on sample 1: particles were hexagonally plated and regularly shaped,
with side dimensions ranging from 400 nm to about 100 nm, having the typical habit of crystalline Ca(OH), and
so thin to be transparent to the electron beam (Figure 1(b)). Besides, we noted that Ca(OH), particles were placed
one upon another in both images.

In Figure 2 we reported TEM images referred to 21 sample. Also for this sample, the particles appeared hex-
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@ (b)

Figure 1. TEM images on sample 1: (a) particles placed one upon another, with side dimensions up
to 100 nm; (b) group of hexagonal particles with side dimension ranging from 200 nm to 400 nm [25].

200 nm

(b)

Figure 2. TEM micrographs on 21 sample: (a) hexagonal particles with side dimension of about 300
nm and a group of smaller particles marked by arrow; (b) higher magnification showing that the
smaller particles are hexagonally shaped and with side dimensions <40 nm.

agonally plated and regularly shaped, with side dimension ranging from 300 nm to 40 nm or less, as shown in
Figure 2(b)).

TEM micrographs referred to 211 sample were reported in Figure 3. We found particles with side dimensions
generally ranging from 300 nm to 20 nm or less and generally not placed one upon another (Figures 3(a)-(c)). In
particular, it was remarkable the presence of linear chains visible in all images and better showed in Figure 3(d));
these chains were however constituted by very small particles characterized by diameters less than 10 nm. The
presence of very small particles could be related to the higher amounts of surfactant that favored the reduction of
the particles size.

These results clearly showed that the use of the surfactant improved the ability to synthesize smaller particles.
Moreover, from TEM observations, either in sample 21 and in 211, Ca(OH), particles did not appear placed one
upon another (as instead it happened in sample 1) showing how the surfactant contributed to prevent nanopar-
ticles agglomeration in suspension, as supported by literature ([30] and ref. in).

3.2. Structural Properties of the Particle in Hydro-Alcoholic Suspension

From the analysis of the SR-X ray experimental data we determined the structural parameters of the Ca(OH),
crystals in suspensions synthesized by the two different methods: cell parameters, atomic coordinates, intera-
tomic distances and bond angles, Debye-Waller factors, preferred orientation of crystallites and average grain
dimension. We used the pseudo-Voigt profile function of Thompson, Cox and Hastings [31] in order to fit the
peak shapes. The instrumental contribution to peak broadening was determined measuring a diffraction pattern
of a LaBg sample in the same geometry of the samples [32].

In Figure 4 we reported as an example the SR-X ray diffraction pattern for sample 215, refined with Rietveld
method [33]. The quality of the refinement could be appreciated from the spectra-difference, in blue, between
the measured spectra, in red, and the calculated spectra, in black; the green lines indicate the Bragg reflections.
The large background comes from the solvents that give large shaped peaks relative to the amorphous liquid.
This background was refined and did not affect our analysis.
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In all our samples only the Ca(OH), crystalline phase was stably present in suspension, with the main Bragg
reflection attributed to (101) peak (dy; = 1.33 A) and it could be described in the space group P-3 ml. We re-
ported in Table 1 the structural results, taking into account the comparison between samples synthesized with-
out and with the addition of the surfactant (samples 1, 21 and 211, respectively).

The structure parameters of Ca(OH), particles in suspension as a function of the ratio water/alcohol were pre-
sented in Table 2, for 21 and 211 series; the Ca-O and O-H distances and bond angles were reported too.

© )

Figure 3. TEM micrographs on 211 sample: (a)-(b) the hexagonal particles had side dimension rang-
ing from 300 nm to about 50 nm; (c) zoom view of image (b) outlining that the particle, marked by
black arrow, had side dimension less than 20 nm; (d) a linear chains in the suspension composed by
very small particles (diameter < 10 nm).
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Figure 4. Diffraction pattern of 2l,5 sample by SR-X ray technique at 1 =
0.7277 A. The most intense peaks were indexed.
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Table 1. Cell parameters and atomic coordinates, interatomic distances and bond angles of Ca(OH), particles in hydro-al-
coholic suspension, (samples from different synthesis methods). We compared here the results considering a water residual
content of 75%. Calcium atomic coordinates occupied the special position (0,0,0).

1ss 2135 2155
a=h(A) 3.599 (1) 3.5940 (6) 3.5939 (6)
c(A) 4917 (3) 4.910 (2) 4911 (2)
Volume 55.16 (4) 54.93 (2) 54.94 (2)
o
x (A) 0.33333 0.33333 0.33333
y (A) 0.66667 0.66667 0.66667
z(A) 0.73 (5) 0.73(3) 0.72 (4)
H
x (A) 0.43 (6) 0.44 (3) 0.44 (3)
y (A) 0.9 (1) 0.87 (5) 0.88 (6)
z(A) 0.36 (5) 0.37 (3) 0.37 (4)
Ca-O distance (A) 2.5(1) 2.46 (8) 2.5(1)
O-H distance (A) 1.9 (3) 1.9 (2) 1.8 (3)
0O-Ca-0 angle (°) 94 (4) 94 (3) 92 (4)
H-O-H angle (°) 33 (1) 34 (9) 36 (1)

Table 2. Cell parameters, atomic coordinates, interatomic distances and bond angles of Ca(OH), particles of 21 and 211 series
in relation to different contents of water in hydro-alcoholic suspension.

21100 2175 213 21155 2115 2115
a=b(A) 3.596 (1) 3.5940 (6) 3.5898 (7) 3.5939 (6) 3.5954 (8) 3.5952 (8)
b 3.596 (1) 3.5940 (6) 3.5898 (7) 3.5939 (6) 3.5954 (8) 3.5952 (8)
c 4.913 (3) 4.910 2) 4.906 (2) 4911 (2) 4.914 (2) 4.915 (2)
Volume 55.01 (5) 54.93 (2) 54.76 (2) 54.94 (2) 55.02 (3) 55.02 (3)
o)
X 0.33333 0.33333 0.33333 0.33333 0.33333 0.33333
y 0.66667 0.66667 0.66667 0.66667 0.66667 0.66667
z 0.8 (1) 0.73 (3) 0.71 (4) 0.72 (4) 0.73 (4) 0.74 (4)
H
X 05 (1) 0.44 (3) 0.43 (3) 0.44 (3) 0.44 (4) 0.44 (5)
y 07(2) 0.87 (5) 0. 85 (6) 0.88 (6) 0.883 (8) 0.88 (7)
z 0.4 (1) 037 (3) 0.37 (3) 0.37 (4) 0.37 (5) 0.38 (4)
7 0.01 0.02 0.02 0.01 0.008 0.007
Ca-O distance ( A) 2.4(3) 2.46 (8) 2.4(1) 25(1) 25(1) 2.4 (1)
O-H distance (A) 1.9 (8) 1.9(2) 1.73) 1.8(3) 1.9(3) 1.93)
0-Ca-0 angle (°) 99 (1) 94 (3) 98 (3) 92 (4) 94 (3) 95 (3)
H-O-H angle (°) 32 (4) 34(9) 38 (1) 36 (1) 35(1) 35 (1)

Analyzing the results obtained from 21 series, we founded that increasing the water residual content in the
hydro-alcoholic suspension, Ca(OH), cell parameters tend to increase, probably due to the higher water ability
to enter in the crystalline structure with respect to 2-propanol. Decreasing water content, the volume of unitary
cell decreased smoothly too. The results obtained considering O-H distances and corresponding angles, tended
to indicate a little distortion of the cell arising when water diminishes.

As concerns 211 series, changing the water residual content, we have not observed differences in terms of cell
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parameters and atomic coordinates. This result could be related to the presence of surfactant not well removed
from the suspension itself; as a matter of fact, the residual surfactant could surround the Ca(OH), particles li-
miting the hydration of the Ca(OH), structure.

Below, we reported the study on preferred crystallographic orientation of Ca(OH), nanoparticles, by using
March model [24]. In Figure 5 we reported, as an example, the diffraction spectrum referred to (001) Ca(OH),
peak for 21 series; these patterns were analyzed without March model and with random orientation.

Comparing all the images in Figure 5, it was possible to note that the intensity discrepancy between the expe-
rimental and the refined data tended to increase for higher values of 2-propanol content (lower water residual
content); this intensity discrepancy was not particularly marked in 21 sample, when alcohol was absent. Initially,
Py, value (as referred in formula 1) were included after the preliminary refinement starting with random orienta-
tion of the crystallites (without preferred orientation correction).

Considering the observed intensity discrepancies, we then checked several preferred orientations [34]: we ob-
served a good correspondence between experimental and refined data only taking into account the preferred
orientation along z-direction. These results were reported in Figure 6, where (001) Ca(OH), peak for 21 series
after the correction and with a preferred orientation along z-axis, was shown. Same results were observed on the
(001) Ca(OH), peak of 211 series.

Applying the March model we also obtained the G; parameters, refined for each sample (see Table 3).

Ca(()H)i |00I1] ‘ 21 Ca(OH)i |00;] I 275 Ca(OH)é [(?f'\” ' 2hps

)

Intensity (a.u.)

Intensity (a.u.)
—
b
(
1 1 A L
Intensity (a.u.)

T T T T T T T T
1.00 8.25 8.50 8.75 9.00 8.00 8.25 8.50 8.75 9.00 8.00 8.25 8.50 8.75 9.00
2Theta 2Theta YTheta

Figure 5. Rietveld analysis without March model (random orientation), on the (001) Ca(OH), peak: 2I, 215, and 21,5 sample.
Note that experimental data were reported with straight line, while the refined data with dot line.

|caony, oo ‘ ] |cacom), ool T Ca(OH)2 fo01] T
N\ T R 7

| // 11 A

T T T T T T T T T
8.00 8.25 8.50 8.75 9.00 8.00 8.25 8.50 8.75 9.00 8.00 8.25 8.50 8.75 9.00
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Intensity (a.u.)

Intensity (a.u.)
~,
—
‘\
\
Intensity (a.u.)

Figure 6. Rietveld analysis with March model on the [001] Ca(OH), peak: 2I, 2I+s5, and 21,5 sample. Note that experimental
data were reported with straight line, while the refined data with dot line.

Table 3. G values obtained for the considered samples.

Sample denomination G; value
17 1.2(0.1)
2110 1.2 (0.1)

2145 1.13 (0.06)

2l 1.25 (0.09)

21175 1.17 (0.07)

2115 1.16 (0.09)

2115 1.15 (0.08)
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50 nm
]

@)

Figure 7. (@) TEM image of a hexagonal Ca(OH), nanoparticle obtained by adding the sur-
factant agent in the initial solutions; (b) the corresponding electron diffraction image (ED).

If G; > 1 the particles had “platy habit”, if G; = 1 the particles were isotropic and G; < 1 they presented a
“needle habit”. Since the value of G; was higher than 1, in the error range, for all the series it was possible to
conclude that all the considered samples were characterized by a “platy habit” [29]. Finally, calculating for each
reflection the coherent domain size, we founded average values of: 165.4 (2) nm (1 sample), 127.9 (1) nm (21
sample), and 142.7 (2) nm (211 sample), showing submicrocrystalline phases. These results, compared to the
particles dimension observed by TEM, could indicate that a large amount of Ca(OH), particles were single
crystals. This assertion moreover, was coherent with our previous results obtained by electron diffraction mea-
surements, carried out on analogous nanolime hydro-alcoholic suspension [22], and reported in Figure 7.

4. Conclusion

Nanolime was today successfully employed in form of hydro-alcoholic suspensions in Cultural Heritage con-
servation; their application was more effective when the particles were small and well dispersed. The present
work was then focused on a new synthesis of Ca(OH), nanoparticles, in hydro-alcoholic suspensions, by using a
surfactant agent to obtain very small particles easily and reducing drastically the time needful for preparation.
We studied Ca(OH), nanoparticles structure by SR-X ray diffraction measurements directly in suspension
changing the surfactant content and the water/alcohol ratio in the suspension itself. The synthesized nanolime
appeared hexagonally plated and regularly shaped, with side dimension ranging from 300 nm to 20 nm or less.
From SR-X ray measurements, we founded that only pure and crystalline particles of calcium hydroxide nuc-
leated and grown during the synthesis procedure maintain stable in suspension; moreover, we founded that the
addition of surfactant during the synthesis tended to reduce the cell parameters of Ca(OH), particles in suspen-
sion. Finally, we founded that the Ca(OH), crystallites were characterized by a platy-like habit, with a preferred
orientation along z-axis; this effect was more evident increasing 2-propanol content. The study of apparent size
showed that a large amount of Ca(OH), particles were single crystals. The very easy and time saving protocol to
produce well dispersed and reactive Ca(OH), nanoparticles, proposed in this work, was very promising for fu-
ture applications in the conservation science and in Cultural Heritage consolidation as well in architectural do-
mains.
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