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Abstract: (1) Background: In time, stone monuments suffer a process of aging and loss of aesthetic
and mechanical properties. In order to restore and stop the loss of their properties, various treatments
are used, and in this context, a new class of discovered materials with interesting properties are
layered double hydroxides, or LDHs. (2) Methods: The LDHs, prepared by a coprecipitation method,
were characterized by the structure by X-ray diffraction, composition by FT-IR spectroscopy and X-ray
fluorescence spectroscopy, size by diffuse light scattering, and porosity by N2 adsorption/desorption.
Additionally, some microscopy techniques such as optical microscopy and SEM/EDAX were used
for surface aspects and morphology, and finally, all these were checked with ImageJ software for
representative roughness parameters of the treated surfaces by brushing or incorporation. (3) Results:
The prepared materials show different degrees of crystallinity and textural properties, and the dispersion
of the material presents good stability in time in water/ethanol mixtures. Treatment with the LDH
dispersion applied by brushing led to improvements in the mechanical properties (about a 5% increase
in compressive strength), to an increased surface stability (about 30%), and to an improvement in the
resistance to freeze–thaw cycles. The textural properties of the specimens’ materials were not altered
by these treatments. (4) Conclusions: The order of the consolidation efficacity was CaMgAl-LDH >
MgAl-LDH > CaAl-LDH, better for application by brushing than by incorporation.

Keywords: LDH; layered double hydroxide; stone consolidation; heritage; conservation

1. Introduction

During the last decades, the new materials in the conservation of cultural heritage
have led to some important results, especially in the synthesis part of some consolidants
and protective coatings achieved by them. The macro- and/or nanoparticles based on
calcium/magnesium/barium in different alcoholic solvents have been used as consolidants,
as has been previously published [1–4].

Prolonged exposure to natural elements leads to the aging and degradation of old
stone constructions [5]. The stone supports many damaging processes, mainly due to the
transport of water in pores, environmental pollutants (SOx, NOx, CO2), the crystallization
of salts, freeze–thaw cycles, and biodeterioration. These processes cause irreversible defects
such as erosion, flaking, encrustation, and granular disintegration, which finally lead
to the loss of material and mechanical properties [6,7]. To preserve and restore these
buildings, different treatments are applied to improve the stone cohesion and improve the

Crystals 2022, 12, 490. https://doi.org/10.3390/cryst12040490 https://www.mdpi.com/journal/crystals

https://doi.org/10.3390/cryst12040490
https://doi.org/10.3390/cryst12040490
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/crystals
https://www.mdpi.com
https://orcid.org/0000-0002-9842-3321
https://orcid.org/0000-0002-0217-929X
https://orcid.org/0000-0001-6757-5616
https://doi.org/10.3390/cryst12040490
https://www.mdpi.com/journal/crystals
https://www.mdpi.com/article/10.3390/cryst12040490?type=check_update&version=1


Crystals 2022, 12, 490 2 of 20

resistance to further weathering. However, these treatments must be compatible with the
building material, must have long time durability, and must not alter the original properties
characteristic of the materials [8–10].

Masonry is made up of two components: masonry units and mortar. The structural
stability of the masonry depends on a proper connection between the masonry unit and
the mortar. Masonry walls are constructed using a variety of masonry pieces and mortars.
Among the masonry components are burned clay bricks, concrete blocks, autoclaved bricks,
and stones, among others.

Nowadays, a considerable number of consolidants are commercially available for
the various types of stone. However, there are some areas (e.g., limestone consolidation)
where novel consolidants are needed in order to overcome the limitations of those available:
they can alter the stone properties and promote microbial growth (consolidants with
organic nature such as acrylic, epoxy, and silicone resins), and can possess a low chemical
compatibility with calcareous substrates. Meanwhile, the alkoxysilane compounds such as
methyltrimethoxysilane (MTMOS) and tetraethyl orthosilicate (TEOS)) could be inefficient
consolidants (limewater, lime milk) [11,12].

A group of materials with interesting properties are hydrotalcite-like anionic clays or
LDHs. LDHs are known as synthetic or natural crystalline materials with positively charged
two-dimensional sheets and water with exchangeable charge-compensating anions located
in the interlayer region. Their general formula is: [M2+

1−xM3+
x (OH)2]x+[An−

x/n] ·mH2O,
where M2+ and M3+ represent divalent and trivalent cations, A is the interlayer charged
anion, n represents the charge, x represents the trivalent cations (x is in the range of
0.20–0.50), and m is the number of water molecules of crystallization. The magnesium–
aluminum hydroxycarbonate represents the mineral hydrotalcite, knowing that the class of
hydrotalcites comprise different isostructural and polytype forms [13].

LDH minerals are known as hydrotalcite-like clay [14,15]. Hydrotalcite crystals
[Mg6Al2(CO3) (OH)16 4(H2O)] are formed when Al3+ ions from Al2O3 combine with
Mg2+ ions from MgO [16]. In the presence of water, the MgO-Al2O3 rehydrates and could
combine with other different anions to form hydrotalcite [17,18]. The positively charged
brucite-like layers alternate with anions from layers and water molecules in a hydrotalcite
mineral. Some Mg2+ cations in octahedral sites of hydrotalcite are substituted by Al3+

cations in the crystallographic structure. CO3
2− anions in the interlayer sites could be

involved, balancing the resultant positive charge [13,19,20].
LDH phases have been identified in ancient hydraulic mortars, or even in modern

pozzolanic cements or dolomitic lime mortars [21–24]. However, the form and the size
distribution of hydrotalcite and hydrocalumite in the lime have not been studied until now.

Depending on the precursors, preparation method, or thermal treatment, materials
with flexible composition, uniform distribution of metallic cations, high chemical stability,
controllable particle size, and varied functionality can be prepared [25]. Furthermore,
literature studies showed that both pure LDH and LDH-like materials (materials in which
organic compounds are fixed in the interlayer space of LDH) possess bacteriostatic proper-
ties [26–30] and an ability to absorb undesirable anions from a structure via anion exchange
or memory effect, that allow the calcined LDH reconstruction by absorbing water and
anions (chloride, sulphate, phosphate, etc.) from the environment [31–33]; all these anions
are responsible for the building materials degradation process [34–37]. Their properties are
of great interest in the conservation and restoration of cultural heritage monuments.

Regarding the use of LDHs in the field of building materials, the literature presents
few examples. Mg-Al-LDH has been studied as an additive for concrete for the removal
or stabilization of undesirable anions [20,38,39], or as hardening accelerators for concrete
Ca-Al-LDH [36]. To our knowledge, no studies have been made regarding the influence of
addition of treatments based on LDH for gypsum-based mortars.

In this work, a few layered double hydroxides with the following compositions:
[Mg0.75Al0.25(OH)2](Cl)0.25, [Mg0.375Ca0.375Al0.25(OH)2](Cl)0.25, and [Ca0.70Al0.3(OH)2](Cl)0.30,
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were prepared, characterized, and used as dispersion or incorporated into the material
slurry for the treatment of some specimens as models for the building materials.

Due to the materials’ decay and environmental influences, maintaining and consol-
idation masonry buildings has become necessary over time [40,41]. The proper use of
traditional materials is required for proper maintenance practices, not only to ensure the
performance of the re-built components, but also to protect the well-functioning parts.
In this case, the masonry repair method should take into account the initial material’s
likeness to the retrofitting material. The traditional manufacturing practices and traditional
construction methods employing lime were disrupted, causing significant challenges in
studying such materials. Furthermore, due to its fragility and low residual mechanical
qualities, lime is a less desirable material than others.

The basic data for the manufacture of brick and lime mortar, as required for the
renovation and reinforcement of cultural properties, have already been published [42,43],
reporting the good properties of the hydrated lime for use in restoring traditional cultural
heritage monuments and historic building preservation. Due to its increased longevity
and strength, cement mortar has recently been adopted as a substitute for lime mortar
in the modernization of masonry cultural heritage monuments [44–47]. The mechanical
incompatibility of the existing binder and the new reinforcing material, according to
Mosquera, M.J. [48], resulted in the concentration of stresses and cracks in the weaker area
of the masonry construction. As a result, a restoration material compatible with the original
substrate should be utilized to restore masonry structures, particularly those built using
lime mortar as a binder material [49,50].

Because of its quick hardening process, natural hydraulic lime (NHL) is mostly em-
ployed to conserve cultural assets [51,52].

In this study, a traditional mortar based on traditional hydrated lime was used to
compare and evaluate the properties. The findings of this research can be utilized as a
starting point for the production of bricks and lime mortar, which are required for the
rehabilitation and strengthening of cultural properties.

2. Materials and Methods
2.1. Consolidant Preparation

The preparation of the LDH with following structures: [Mg0.75Al0.25(OH)2](Cl)0.25,
[Mg0.375Ca0.375Al0.25(OH)2](Cl)0.25, and [Ca0.70Al0.3(OH)2](Cl)0.30 was achieved by the co-
precipitation of the corresponding metallic (chloride) salts, with aqueous solution NaOH
2M at a constant pH (pH = 10), (pH = 12 for Ca-Mg-Al-LDH). The method used was the
coprecipitation at low supersaturation and constant pH. The exact quantities of metallic
salts were determined so that the ratio between the total number of bivalent and trivalent
metallic cations was equal to 3 in the final materials (CaMgAl-LDH and MgAl-LDH);
exception was the case of CaAl-LDH where a ratio of 2.3 was used. For the preparation
of CaAl-LDH: 17.94 g CaCl2 anhydrous and 16.69 g AlCl3 * 6 H2O (metallic cations salts
were dissolved together in 200 mL distilled water). The solution of the metallic salts was
added dropwise in a 2000 mL beaker simultaneously with 300 mL NaOH 2M solution at
room temperature under vigorous stirring and the pH was adjusted so that the pH in the
precipitation beaker was 12. For the preparation of MgAl-LDH, the following quantities of
reactants were used: 35.42 g MgCl2 · 6 H2O and 14.01 g AlCl3 · 6 H2O (metallic cation salts
were dissolved together in 200 mL distilled water). After that, the solution of the metallic salts
was added dropwise in a 2000 mL beaker simultaneously with 300 mL NaOH 2M solution
at room temperature under vigorous stirring and keeping the pH at 10. For the preparation
of MgCaAl-LDH: 15.61 g MgCl2 · 6 H2O; 8.53 g CaCl2 anh.; 12.38 g AlCl3 · 6 H2O (metallic
cation salts were dissolved together in 200 mL distilled water) and finally, the solution of
the metallic salts was added dropwise in a 2000 mL beaker simultaneously with 275 mL
NaOH 2M solution at room temperature under vigorous stirring and pH 10. For all the
synthesis, the entire volume of metallic salts (200 mL) was added dropwise in the beaker
together with the solution of NaOH 2M, the rate at which we dropped the NaOH solution
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was adjusted so that the pH in the precipitation beaker was maintained as close to 10 as
possible (12 in the case of CaAl-LDH) for the whole duration of the process.

In all cases, the formed precipitates were left overnight in their mother liquor at
80 ◦C with stirring, then cooled to room temperature, separated from their suspensions
by filtration and finally washed with distilled water at a neutral pH. Finally, the materials
obtained were dried in air at 80 ◦C overnight.

2.2. Specimens Preparation

Cubic specimens (4 × 4 × 4 cm) were prepared in the laboratory using a silicone resin
matrix. The samples were prepared from river sand (granulation 0–2 mm), which is a
silica sand, with a broad granulometric variation and diversity of shapes and colors of
its components (Table 1). The particle size of fine river sand was measured using a laser
analyzer (Malvern Mastersizer 3000 laser diffractometer equipped with a He-Ne—632.8 nm
wavelength and LED blue light—470 nm wavelength, adequate for particle sizes from
0.01 to 3500 µm (Malvern Instruments, Malvern, UK)). For the specimen preparation, silica
sand, commercial gypsum, and water were mixed in a ratio of 2:1:0.75 g/g, after literature
reports [53]. After mixing, the sand was poured in the silicone resin matrix and kept at
dryness under controlled conditions (T = 20 ◦C, 65% RH) for 1 week [54].

Table 1. The size distribution of the sand particles.

Size (µm) 146.3 196.5 261.7 349.01 465.5 621 828.2 1104 1472 1967

Amount (%) 0 1.4 14.6 50.3 85.2 98.0 99.7 99.6 99.6 100

2.3. Application of the LDH Derivatives

These prepared specimens above were treated with the newly prepared LDHs. The
LDH consolidants at a concentration of 0.5 g/L were dispersed in distilled water, ultra-
sonicated or vigorously stirred for one hour at 40 ◦C and were applied for three times
by brushing (at 6 h intervals), this method of application being adopted in the practice
of preservation. The treated samples were then stored at 65% RH, T = 20 ◦C, air velocity
< 0.1 m/s for over 1 week, this treatment being necessary for a good efficacity of LDH
nanoparticles. This technique was selected for a good penetration of the consolidant into
the stone specimens. In parallel, the consolidants were incorporated into samples at con-
centrations of 5%, and the specimens’ behavior was compared with the results obtained
when applying LDH consolidants by brushing.

2.4. Methods

Structural X-ray diffraction (XRD) investigations of the prepared materials were recorded
with a Rigaku X-ray diffractometer with Cu-Ka radiation wavelength (λ = 0.15406 nm) op-
erating at 40 kV and 30 mA. XRD measurements were recorded in the angular range
5–80◦ 2θ at a scan rate of 2◦ min−1. Silicon powder (NIST SRM 640) was used as an external
standard and the experimental XRD patterns were analyzed using whole powder pattern
fitting method (WPPF) on the PDXL software 1.8 (Rigaku) connected to the ICDD PDF-2
database. The Rietveld method for the whole powder pattern fitting (WPPF) was used to
refine crystal structure parameters (atom coordinates, temperature factors, etc.) based on
the diffraction pattern.

For elemental analysis of samples, wavelength dispersive X-ray fluorescence spec-
troscopy (WDXRF) was used, with a Rigaku ZSX Primus II spectrometer equipped with an
X-ray tube with Rh anode, power 4.0 kW, with front window Be (30 µm thick). The samples
were pelleted under vacuum.

Fourier-transform infrared (FT-IR) spectra of the investigated samples were obtained
using a Nicolet 6700 FT-IR spectrometer (Thermo Fisher Scientific, Waltham, MA, USA)
measuring 400 and 4000 cm−1. The spectra were recorded using the KBr pellet technique,
at a resolution of 4 cm−1.
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Particle size was determined by Dynamic Light Diffusion (DLS) using Zetasizer Nano
ZS, Malvern Instruments Ltd., Malvern, UK, by using colloidal dispersions of LDH samples
in isopropyl alcohol and the results being performed following the intensity distribution.
All measurements were performed in triplicate.

For a kinetic stability of the consolidants’ dispersions of LDHs in different solvents, a
turbidimetric analysis with a UV-VIS spectrophotometer (T60, PG Instruments Ltd., Lut-
terworth, UK) was used. The absorbance change measurements in time, over 300 min,
were achieved at λ = 630 nm at 25 ◦C. Glass cuvettes with an optical path of 1 cm
were used. The relative kinetic stability (KS) of the suspension was calculated by using
Formula (1) [55]:

KS% = 1 − [(A0 − At)/A0] × 100 (1)

where A0 represents the absorbance at 0 min, At is the absorbance at time t. The consolida-
tion effect for the prepared materials was assessed in two ways:

(a) by applying the dispersion on the specimen samples by brushing, 3 times on every side.
(b) by incorporating 5% (w/w) of every consolidant into specimen samples.

For all the samples, the color, mechanical strength, and porosity versus the control
samples were studied.

Konica Minolta-Chroma Meter CR-410 colorimeter (Tokyo, Japan.) was used for
measuring the chromatic parameters of the treated sample. The total color differences ∆Ex,
the difference in lightness (∆Lx = Ltreated stone – Lcontrol), the chromatic deviation of the a
coordinates (red and green color) (∆ax = atreated stone – acontrol), and the chromatic deviation
of the b coordinates (yellow and blue color) (∆bx = btreated stone – bcontrol) were measured
and the correct calculus was evaluated [56].

∆Ex = (∆Lx*2 + ∆ax*2 + ∆bx*2)1/2 (2)

A positive ∆Lx* value indicates that the sample is whiter than the control, while a
negative ∆L* value indicates that the sample is darker [57].

For the mechanical properties (compressive strength) a Proceq-SilverSchmidt Concrete
Test Hammer Type L (Zurich, Switzerland) as portable device was used. The uniax-
ial compressive strength (UCS) was obtained through the rebound number, according
to J. Brozovsky [58] and EN 1015-10 [59], considering for the stone density a value of
1.504 g/m3.

The peeling test was used to evaluate the consolidant cohesion on the specimens’
surface, after the Drdácký et al. method [60], with additional steps mentioned in Scrivano
et al. [61], by using Scotch Cristal tape (3M) with 10 repetitions on the same location. After
application with constant pressure (2 kgf/cm2), the tape was removed at a rate of about
10 mm/s and at an angle of 90◦. The samples were weighed. The percentage of consolida-
tion (%C) was calculated according to Equation (3):

% C = (TRMuntreated − TRMtreated)/TRMuntreated·100 (3)

where: TRMuntreated represents the total amount of material removed by peeling in the
untreated sample, g and TRMtreated are the total amount of material removed in the treated
sample, g.

Water absorption capacity and the apparent porosity were determined after STAS
6200/12-73 and STAS 6200/12-80. For the water absorption test, the samples supported al-
ternative treatment cycles, as: dried in the oven at 40 ◦C for 8 h, cooled at room temperature
and then weighed (W1), immersed in distilled water for 24 h and removed from distilled
water and weighed (W2). The water absorption content was calculated with Equation (4).

WA =
W2 − W1

W1
·100 (4)
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The total specific area, total pore volume, and pore size distribution curves of the
substrates were evaluated by means of BET (Brunauer–Emmet–Teller), t-plot analyses, and
the BJH (Barret–Joyner–Halenda) methods.

Freeze thaw cycles were performed according to EN 12371:2010 [62]. The treated and
the blank specimens, dried to constant mass at 105 ± 5 degrees (M1), were introduced in
distilled water, wiped with a cloth and weighed (M2) and exposed to 30 cycles of freezing–
thawing. After a while, the samples were introduced in the freezer at −20 ◦C for 3 h, at a
distance of 10–20 cm from each other, after which the cycle repeated. The thawed samples
were weighed after the last cycle (M3). The following formula was used (5):

%µg = (M2 − M3/M1) × 100 (5)

where: µg is the freezing coefficient.
For optical microscopy, a Novex trinocular microscope (EUROMEX Microscopen

B.V. Arnhem, Netherlands) (at different magnifications: 40×, 100×, 400×, 1000×), in
transmitted light, was used. The microscope was equipped with a digital video camera
(ZEISS, AxioCam 105, Göttingen, Germany) and the images were processed using the Java
1.6, ImageJ 1.50a (free software).

The scanning electron microscopy (SEM) was achieved with a Philips XL 30 ESEM
TMP microscope (Hillsboro, OR, USA) coupled with an EDAX Sapphire spectrometer,
necessary for the energy X-ray dispersive spectroscopy (EDS) measurements. The main
used parameters were: acceleration voltage of 25 kV and working distance of 10 mm for
five randomly chosen areas. ImageJ software (National Institutes of Health, Bethesda,
Rockville, MD, USA) served for processing the obtained SEM micrographs.

3. Results and Discussion
3.1. Crystal Structure

The XRD analysis of the prepared hydrotalcites (CaAl-LDH, MgAl-LDH, and CaMgAl-
LDH) shows some common characteristics of layered materials (narrow, strong, symmet-
rical lines at low values of 2 theta and weaker, less symmetrical lines at high values of
2 theta) [63,64]. From the analysis of Figure 1 it can be seen that the XRD diagram lines
(003) and (006) are significant, and lines (110) and (113) can be distinguished between 60◦

and 63◦. Line (003) is characterized by high intensities and wide line shapes that indicate
that hydrotalcites have a good crystallinity, but low crystallites, as shown in Table 2, which
also shows the network parameters.

The diffraction maxima are similar to those previously reported in the literature and
correspond to a structure similar to well-crystallized hydrotalcites [65]. The lattice parameters
and the crystallite size have been calculated according to Williamson–Hall method.

The XRD patterns of CaAl-LDH present sharp and symmetrical reflections at 11.2◦,
22.5◦, 23.2◦, 31.1◦, 39.0◦, and 42.7◦ attributed to diffraction planes (002), (004), (112), (020),
(316), and (208). The structure of CaAl-LDH (JCPDS 31-0245) was well crystallized with
monoclinic symmetry and chemical formula Ca4Al2O6Cl2·10H2O. The broadening of the
(110) reflection around 60◦ indicated some disorder in the structure, which was directly
related to a reduced aggregation of the particles during sonication [66].

The XRD pattern of the MgAl-LDH, corresponds to a pure LDH structure (JCPDS 37-
0630) with strong and narrow diffraction peaks at 2θ values, 11.1◦ and 22.3◦, corresponding
to the (003) and (006) planes. Additionally, wide asymmetric peaks are seen at higher
values of 2θ (34.3◦, 38.1◦, 45.2◦, 60.3◦, and 61.5◦ corresponding to (012), (015), (018), (110)
and (113) diffraction planes).
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Table 2. The XRD parameters for the LDHs.

File Name
FWHM (◦) Crystalite Size

Scherrer Eq (Å)(003) (006)

CaAl-LDH 0.543 0.537 155
MgAl-LDH 0.668 0.631 130

CaMgAl-LDH 1.615 1.876 49

The XRD pattern of each prepared sample was analyzed by the Rietveld method. A less
crystallized structure was observed for the CaMgAl-LDH; the additional lines observed at
18.00◦ and 20.4◦ correspond to a segregated Al (OH)3 gibbsite phase (JCPDS74-1775). Notably,
the reflection peak at around 31◦ is characteristic of hydrocalumite CaAl-HC (JCPDS 31-0245),
most likely all the other peaks are overlapped over those of CaMgAl-LDH.

The influence of calcium or magnesium substitution on the lattice parameters was
also studied by analysis the 2θ value, the inter-planar distance (d), and the fullwidth at
half-maximum of the peak (β), and the crystallite size (L) of the CaAl-LDH, MgAl-LDH,
and CaMdAl-LDH samples was calculated from lines (003) and (006) using Scherrer’s
Equation (6). These values are presented in Table 2.

L = K · λ/β · cosθ (6)

where: L = crystallite size; K = Scherrer constant (0.9); λ = X-ray wavelength (1.54 Å);
β = peak width at half maximum intensity (in radians), from the apparatus programme;
θ = Bragg angle, from the apparatus programme.

The degree of crystallinity was evaluated as the ratio of the intensity of crystalline
lines to the sum of the crystalline and amorphous intensities. The mean crystallite size
(D) was calculated using Scherrer’s Equation (6) and Williamson–Hall (W-H) method (7),
Tables 2 and 3.

Table 3. Crystallite size from Scherrer method. FWHM: full width at half maximum.

File Name a(A) b(A) c(A) Crystalite Size (Å)
W-H

Crystalite Size
(Å) Scherrer Eq

Strain
[%]

Crystallinity
[%]

CaAl-LDH 10.053 5.770 16.341 113 155 0.6 97

MgAl-LDH 3.066 3.066 23.901 107 130 0.5 98

CaMgAl-LDH 3.047 3.047 23.56 40 49 1 85

Williamson–Hall method does not follow a 1/cos θ dependency as in the Scherrer
equation but instead varies with tan θ [67].

β · cosθ = K · λ/D + 4 · ε · sinθ (7)

where D is the mean crystalline size, λ is the X-ray wavelength, β is the full width at half
maximum (FWHM), ε is the microstrain and θ is the Bragg angle, K is the shape factor
equal to 0.9.

By analyzing the specimen XRD diagram by comparison with the hydrotalcites, it
could be observed no significant bands of the specimens are present in the hydrotalcites
bands, this being proof that hydrotalcites completely cover the specimens’ surface.

FT-IR data of the synthesized LDH, Figure 2, are quite similar to those in the liter-
ature [20,21] for layered double hydroxides. The broadband located at 3400–3700 cm−1

correspond to OH stretching vibrations. The presence of water molecules found in the
interlamellar region is identified at ~1630 cm−1, as bands attributed to the bending vibra-
tion of water (v H-O-H); the small band at 1384 cm−1 is attributed to the antisymmetric
stretching mode of the carbonate anion of the interlamellar layer. The presence of this band
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suggests that part of the compensating anions consist of carbonate—due to the exposure
to CO2 from air, this band is slightly more pronounced in the case of MgAl-LDH. The
bands present at wavenumbers lower than 1000 cm−1 are assigned to the vibration mode
of O-Me-O (~790 cm−1). The spectrum contains the following bands, too: 720 sh (Al-OH),
660 (Mg-OH), 556 (M-O, M-O-M, and O-M-O) [68–71].
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Figure 2. Fourier-transformed infrared spectroscopy of the prepared samples.

The data obtained from X-ray fluorescence analysis shows that other than metallic
cations and oxygen, the sample contains carbon, chlorine, and minor amounts of impurities:
sulphur, silica, sodium, and iron. The mass percentage of different elements present in
samples and metallic cations molar ratio is represented in Table 4. The amount of carbon in
the samples shows that in the presence of chloride, important quantities of CO2 are present
in the materials as compensating anions.

Table 4. XRF analysis of the materials.

Element/Ratio
Mass%

CaMgAl-LDH MgAl-LDH CaAl-LDH

C 1.25 3.2 1.81

O 51.42 55.02 47.04

Na 0.279 / 0.02

Mg 16.39 23.67 0.04

Al 12.73 9.32 10.77

Si 0.11 0.06 0.33

S 0.05 0.08 0.04

Cl 6.82 8.68 7.71

Ca 10.91 0.01 32.21

Fe 0.01 0.02 /

Molar ratio M2+/M3+ 2.02 2.85 2.01

Theoretical ratio M2+/M3+ 3.0 3.0 2.33
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Notably, in the case of CaMgAl-LDH, a fraction of the Ca2+ cations were lost, mostly
due to re-solubilization of Ca2+ as soluble compounds during preparation.

DLS analysis showed that the particle diameters of the prepared materials are broad,
and their average diameter varies between 150 nm for MgAl-LDH to 200 nm for CaMgAl-
LDH and 262 nm in the case of CaAl-LHD.

3.2. Kinetic Stability of LDH Dispersions

The kinetic studies on the consolidant stability in water/ethanol mixtures showed
the best results for all the consolidants at intermediate ratios of water/ethanol, between
8/2 and 6/4 water: ethanol (vol%), a stability much higher than in pure water or ethanol.
The best stability was achieved in the case of CaAl-LDH and it is over 40% after 300 min.
However, it is noteworthy that in most cases, after 100–150 min the dispersion stability
does not undergo major changes (Figures 3 and 4).
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3.3. Consolidant Testing
3.3.1. Brushed Samples

The results of the treatment with the consolidants’ dispersions are showed in Table 5.
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Table 5. The effect of consolidants applied by brushing over the brick samples’ properties.

Brushed Samples

Sample Test Sample Consolidation with
MgAl-LDH

Consolidation with
CaAl-LDH

Consolidation with
CaMgAl-LDH

∆E* / 1.1 0.61 2.2

Compressive strength, Mpa 8.27 8.66 8.47 8.33

Peeling (consolidation capacity), % / 37.1 9.6 17.7

Water absorption, % 15.7 15.03 12.99 16.41

Apparent porosity, % 37.89 36.24 31.18 39.55

Freezing coefficient, µg (30 cycles) 14.23 12.96 14.33 12.5

The treated specimens showed small (∆E* < 3) differences in color versus the control
specimens, with the highest changes in color (∆E* = 2.2) being observed for the specimens
treated with CaAl-LDH dispersion.

In terms of mechanical properties (compressive strength), the treated samples per-
formed slightly better than the test specimen, with the highest improvement of about 4.7%
compared to the untreated sample being achieved after treatment with MgAl-LDH.

The peeling tests showed that the treated specimens’ surface is significantly higher than
30% for MgAl-LDH, which is more stable after treatment with the consolidant dispersion.
This, along with the previous data, shows that the treatments have the property to slightly
improve the cohesion of the brick material, with the improvement being more pronounced
on the surface.

Water absorption capacity and the porosity of the treated specimens showed small
differences compared to the control specimens.

It is noteworthy that while applying the dispersion of CaAl-LDH on the brick samples,
the apparent porosity decreased, most probably due to the coverage of micropore and
micro fissures in the material at the surface. However, exposed to freeze–thaw cycles, the
consolidation procedure showed a non-significant effect on the material resistance.

The treatment with CaMgAl-LDH and MgAl-LDH, however, had little impact on
apparent porosity and water absorption. Most likely due to the improvement in mate-
rial cohesion at the surface, the resistance to freeze–thaw cycles for the treated samples
improved considerably.

3.3.2. Samples with Incorporated 5% LDH

The incorporation of LDH in the slurry showed a small effect on the final color (∆E* < 3).
It is noteworthy that the brick material and the consolidant powders were both white, with a
small difference mostly in terms of the ∆L* coefficient (the consolidant powder was brighter).

The mechanical properties of the brick samples with 5% consolidants decreased com-
pared to the test sample. This decrease in compressive strength could be due to the impeded
growth of CaSO4 crystals (gypsum) caused by the presence of LDH in the slurry, thus
decreasing the total cohesion of the final material. Referring to the mechanical properties,
it could be observed that all the treated samples presented higher compressive strength
values for the samples treated by brushing than those treated by incorporation [72]. The
addition of the hydrotalcites on the specimen surface enhanced the stone durability in
comparison with the non-treated samples, most probably due to the stone reinforcing,
through their interaction with the stone grains. The rebound number measurements for
those untreated and treated with LDHs applied by brushing or being incorporated into the
specimens led to the conclusion.

However, all the other properties are certainly better for brushing applications, so for
a proper consolidation, a proper evaluation of the consolidant should be carried out.



Crystals 2022, 12, 490 12 of 20

The apparent porosity and water absorption capacity of the test specimens increased.
The exception are samples containing CaAl-LDH where only a slight difference in pore
volume can be observed (Table 6).

Table 6. Results of adding 5% consolidant powder into the brick composition.

Samples with Consolidants Incorporated

Sample Test Sample Consolidation with
MgAl-LDH

Consolidation with
CaAl-LDH

Consolidation with
CaMgAl-LDH

∆E* / 4.41 3.97 3.11

Compressive strength (MPa) 11.07 8.98 10.20 8.85

Water absorption (%) 14.87 19.91 15.22 19.2

Apparent porosity (%) 33.62 46.40 32.86 45.90

Finally, the consolidants and the samples which were characterized by nitrogen ad-
sorption, the specific surface, average pore size and pore volume are shown in Table 7.

Table 7. Specific surface, pore volume, and pore diameter for consolidants and treated samples.

Material Specific Surface
(m2/g)

Pore Total Volume
(cm3/g)

Pore Mean Diameter
(nm)

MgAl-LDH 49.7 0.3588 28.88

MgCaAl-LDH 39.69 0.1082 10.91

CaAl-LDH 16.09 0.0984 24.47

brushed brick
(MgAl-LDH) 5.373 0.0190 14.16

brushed brick
(MgCaAl-LDH) 7.23 0.0205 11.37

brushed brick
(CaAl-LDH) 8.390 0.0259 12.36

brick with 5%
MgAl-LDH 6.584 0.0176 10.71

brick with 5%
MgCaAl-LDH 9.509 0.0268 11.30

brick with 5%
CaAl-LDH 6.750 0.0227 13.47

The LDH consolidants present type IV adsorption/desorption isotherms, in good
agreement with IUPAC, with hysteresis loops characteristic of mesoporous materials
(Figure 5a). Their specific surface is moderate and varies between 16.9 m2/g in the case of
Ca Al-LDH to 49.7 m2/g in the case of MgAl-LDH, which also presents the highest pore
volume in the series of about 0.35 cm3/g.
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The materials of the treated specimens (brushed and with 5% consolidants) also
present type IV isotherms according to IUPAC/H4 hysteresis loops characteristic of material
particles with internal voids of irregular shape and broad size distribution, Figure 5b,c.
Their specific surfaces and pore volumes are relatively small compared to the consolidants.
The addition of LDH into the slurry did not significantly increase the pore volumes or pore
diameters for the brick material but it clearly altered its textural properties, as can be seen
in Table 7.

From the above data it can be observed that the layer obtained by brushing LDHs
on model samples led to the following conclusions: the pore volume is quite similar
(0.008–0.01 cc/g), and the surface area and pore diameter are different and are strongly de-
pendent on the consolidant type. The application type contributes to the layer homogeneity
applied on the stone surface. For the control specimens, these values are not different at all.

3.4. Microscopy Investigations/ImageJ Processing

For these investigations, the control specimens were analyzed first. The microstruc-
tural surface features of these samples are suggestively presented in Figure 6, in which
the valleys marked with dark blue indicate the pores’ location within the material, and
the peaks marked with the white area indicate higher roughness of the material. A higher
roughness of the material is observed.

The values of the most representative roughness parameters recorded for the model
stone samples are presented in Table 6. From the measurements, R-values on the whole
surface give roughness values according to the ISO 4287/2000 standard [73]. The main
parameters that had to be analyzed were: Ra: Arithmetical mean deviation; Rq: Root mean
square deviation; Rku: Kurtosis of the assessed profile; Rsk: Skewness of the assessed
profile; all these are given in calibrated units [74]. Their values are shown in Table 8 for all
types of samples: control, brushed, and incorporated ones.

The microporous character of the specimen surface and the structure of the internal
channels are supported by the values of the roughness parameters, as shown in Table 8,
and especially by the parameters Rsk (asymmetry) and Rv (valley depth) which represent
peak–valley sequences [75], and are more pronounced for the surface treated with CaMgAl-
LDH. However, the Rku (Kurtosis) parameter shows a slightly lower trend associated with
smoother peaks and irregular symmetry. Additionally, the stochastic parameters (Rt, Rp)
indicate lower profile heights and amplitudes (Ra, Rz) for the samples covered by brushing,
which confirms the results of morphological mapping. The arithmetic mean value of the
roughness (Ra) is around 0.1 µm, higher for the samples treated by incorporation than by
brushing. The values of these parameters do not differ significantly, with the highest values
being obtained for the samples treated by brushing with CaMgAl-LDH. In conclusion,
the texture generated after treatment is changed, being randomly distributed inside the
internal channels and provides a larger active surface, which could be associated with a
mechanical consolidation of the treated surface. So, the specimens treated by brushing are
highly efficiently consolidated [76].

The analysis of the average surface roughness of the treated samples shows that Ra
is practically identical for each type of specimen (embedded and brushed) but decreases
significantly, due to the deposition of the hydrotalcite layer on the surface (Table 8), mate-
rialized by reducing pore diameters. The consolidants have the capacity to fill the pores
and the contacts between the intercrystalline grains become more intimate, suitable for
the consolidation of the stone. The analyses reveal that the roughness parameters ade-
quately interpret the contact with the surface and serve to interpret the physical and water
properties of the stones.
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Table 8. Roughness parameters and pore surface area for the treated and control model samples.

Sample Rq Ra Rsk Rku Rp Rv Rt

Control 135.1068 123.6610 1.2249 1.6196 255 9.6666 264.6666
MgAl-LDH

incorporated 136.1557 123.8434 1.2377 1.6552 247.3333 16.6666 264.0002

CaAl-LDH
incorporated 130.4262 122.3285 1.1666 1.4541 254.6666 11.2345 265.6666

CaMgAl-LDH
incorporated 132.5060 123.1210 1.1855 1.5033 255.0322 10.6666 265.6666

CaAl-LDH brushed 113.9378 103.7293 1.2566 1.7344 250.6666 17.6666 268.3333
MgAl-LDH brushed 109.0225 103.1905 1.1479 1.4045 255.0098 13.6666 268.6666

CaMgAl-LDH
brushed 119.0021 103.9313 1.3022 1.8269 249.6666 4.3333 254.3678

Ra: Arithmetical mean deviation; Rq: Root mean square deviation; Rsk: Skewness of the assessed profile; Rku:
Kurtosis of the assessed profile; Rv: Lowest valley (given by the min measurements); Rp: Highest peak (given by
the max measurements); Rt: The total height of the profile.

From the SEM micrograms, it was possible to observe the lamellar particles with
a rounded shape, specific to hydrotalcite-type materials, as proof of the fine crystalline
morphology, more visible at a smaller magnitude, Figure 7. The elemental composition
registered from EDS technique is shown in Table 9.

Table 9. The EDS results of the investigated samples (C = control sample or specimen).

Element C CaAl-LDH MgAl-LDH CaMgAl-LDH

wt% wt% wt% wt%
OK 25.86 ± 0.0291 27.62 ± 0.0316 25.62 ± 0.0286 17.35 ± 0.0174

NaK 4 ± 0.0106 4.1 ± 0.0108 1.74 ± 0.004 2.19 ± 0.0051
MgK 4.88 ± 0.0159 2.2 ± 0.0073
AlK 0.92 ± 0.0046 1.06 ± 0.0053 2.54 ± 0.0102 3.19 ± 0.0136
SiK 1.6 ± 0.0106 1.15 ± 0.0074 2.35 ± 0.0123 3.21 ± 0.0178
SK 28.47 ± 0.2314 27.29 ± 0.2316 25.37 ± 0.1886 30.21 ± 0.229

CaK 39.15 ± 0.331 38.78 ± 0.3298 35.65 ± 0.2859 40.35 ± 0.3156
FeK 1.85 ± 0.015 1.3 ± 0.0104
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Figure 7. The SEM images for different magnifications of the samples treated with LDHs.

4. Conclusions

The proposed treatment with LDH compounds showed a good mechanical, structural,
and aesthetical compatibility and did not generate a film on the stone surface. Their struc-
ture was confirmed by powder X-ray diffraction and their properties were characterized by
various techniques. Mechanical properties of the treated sample showed the most notable
results (about a 5% increase in compressive strength) after treatment with MgAl-LDH, with
the effect being more pronounced at the specimens’ surface, where the peeling tests also
showed a notable consolidation effect of 30%. Water absorption and porosity of the test
bricks were slightly improved by these treatments; the most notable effects were obtained
after treatment with CaAl-LDH, where slight decreases in water absorption can be observed.
The freeze–thaw cycles showed that the treatments with MgAl-LDH-containing consoli-
dants yielded the best results, most likely due to the improvement in material cohesion at
the surface and in the structure.

By adding the LDH powder into the suspension, slight changes in color were observed.
The decrease in material mechanical properties and the increase in water absorption suggest
that the addition of the consolidants in the material structure can lead to an increase in
the micro-fissures and a decrease in material cohesion, at least for the gypsum mortar
specimens. In conclusion, the best consolidant properties were observed for CaMgAl-LDH,
followed by MgAl-LDH then CaAl-LDH.
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