Eco-compatible protective treatments on an Italian historic mortar (XIV century)
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Abstract. This paper reports significant results about the effects of repeated treatments to protect a
mediaeval Italian mortar from capillarity-absorbed water, by using for the treatments, our no-commercial
hydro-alcoholic suspensions of calcium hydroxide nanoparticles (nanolime). The mortars samples came from
the historical site, where preliminary thermographic inspection were performed to detect the damp zones.
Before treatments, the samples were analyzed from a mineralogical and chemical point of view, by means of
several techniques, as optical microscopy (OM), thin section observations (PFM), porosimetric
investigations, X-ray fluorescence (XRF), X-ray diffraction (XRD), infrared spectroscopy (FT-IR) and
thermal analysis (TG-DTA). The size-grading curve of the aggregate and the binder/aggregate ratio were
examined too. Then, the efficacy of nanolime protective treatments on this mortar versus the nanolime
concentrations was investigated. For this aim, capillarity tests as well as porosimetric investigations, before
and after the treatments, were performed. The obtained results were remarkably promising both in terms of
the reduction of water absorbed by capillarity (up to 60 %) together with an adequate decrease of porosity
(up to 23 %), fixing the protective effect of such eco-friendly and very compatible approach.
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1. Introduction

The knowledge and characterization of historic mortars is of great importance, in Cultural Heritage, to
evaluate the conservation state of original materials, the causes of decay, and to plan an appropriate
conservation work. Generally, the damaging processes affecting old lime mortars are due to chemical,
physical and biological factors (e.g. sulphation in polluted environments, freezing-thawing cycles, and
degradation by bacterial agent). Water is one of the main vehicle for such causes of decay. Actually, water
damages mortar constituents, and it also dissolves salts promoting simultaneously their movement through
the mortar itself; besides, water facilitates the formation of biologic colonization. These deterioration
phenomena cause the loss of cohesion of the binder-aggregate system, usually followed by the superficial
material loss and the reduction of mechanical strength.

The restoration of cohesion between the mortar’s components is achieved by the application of organic or
inorganic consolidants [1]. Generally, the intervention for restoration employs cement and polymer-based
materials (e.g. acrylics and epoxy resins). Their use is justified by their good adhesiveness and easy methods
of application, but they do not obey to the fundamental rule of physicochemical compatibility with the
substrate, and they often exhibit dissimilar behaviors versus environmental conditions, causing additional
damage [2, 3]. For this reason, current researches focus on the use of materials that are compatible with
original substrates. At the present, lime represents the best consolidant compatible for carbonate substrates;
but commercial lime, having micrometric particles [4], shows low penetration depth and incomplete
carbonation process. Due to these limitations, new alternatives are recently explored as, for example, hydro-
alcoholic dispersions of calcium hydroxide nano-particles (called nanolime), which are promising as an eco-
friendly and innovative material for all carbonatic substrates or lime-based mortars. In particular, in case of
historic mortars, nanolime furnishes a perfect compatibility with the original binder as well as a good
penetration and high reactivity, because of their reduced particles dimensions [5-14]. In fact, once applied,
during the solvent evaporation time, the nanoparticles react with atmospheric carbon dioxide and they form a
thin or even nanometric calcium carbonate [8]. This calcium carbonate replaces lost binder or matrix,
rebuilding the substrate, closing fine cracks and deteriorated portions of the original material. A positive
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effect, resulting from that, is the increasing of strength and integrity of the mortar itself, without any
unwanted residues and compounds.

The aim of the present work is to present the results of treatments based on the use of our no-commercial
nanolime, carried out to protect a medieval lime mortar from absorbed water - main cause of degradation.
This work, moreover, points to cover a lack of investigation about the use of nanolime on real historical
mortars. The historic mortar samples come from S. Massimo D’Aveja Church, a site in a neighboring
country of L'Aquila, Opi di Fagnano Alto (Italy). This Church presents a double interest, because it has been
built using stones and materials coming from a Roman-Vestino temple, and it is a religious and historical site
of XIV century, iconic of medieval architecture of center of Italy. The structure of the church is recently
consolidated after the damage suffered during the earthquake occurred in L’ Aquila (2009). In order to assess
the compatibility of nanolime with the original components of the mortar, we have performed chemical and
mineralogical investigations of the mortar itself. In fact, mineralogical and chemical characterization of
historic mortars is fundamental both to provide useful information about the history of the monument itself,
and to assist the restorers in the choice of replacement products compatible or adequate to the original ones.

2. Material and methods
2.1 Synthesis and characterization of the no-commercial nanolime

The hydro-alcoholic nanolime suspension was synthesized in laboratory, by our patented single step
procedure, as described in previous work [15-18]. In contrast to the limitations of the current nanolime
syntheses [9, 18], such innovative procedure allows us to produce pure and crystalline calcium hydroxide
nanoparticles in aqueous suspension, at room temperature, in few minutes and without critical separation
steps, together with high yield of production. All these features are crucial when a use of nanolime is
envisaged on extensive surfaces as architectural historical buildings.

For the synthesis, the following reagents were used: calcium chloride dihydrate (CaCly-2H20, > 99 %),
supplied by Merck, anion exchange resin Dowex Monosphere 550A (OH), deionized water with a specific
conductivity of 1 uS/cm (purified by a Millipore Organex System (R > 18 MQ cm)).

The pureness and phase composition of the produced nanolime suspension was characterized by X-ray
powder diffraction analysis (XRD) using a PANanlytical X'Pert diffractometer, at CuK, radiation
wavelength (in the angular range from 5° to 70° 26). The diffraction pattern was elaborated by Profile Fit
Software HighScorePlus, PANalytical, and each crystalline phase was attributed by ICSD and ICDD
reference databases.

Morphology and particles dimensions were analyzed by transmission electron microscopy (TEM) and atomic
force microscopy (AFM) techniques by means of Philips CM100 microscope, and Cypher Asylum Research
(using a cantilever Bruker model SNL10 in tapping mode), respectively. In both measurements, samples
were prepared according to the standard procedures.

2.2 Thermography

In order to individuate, in the building structure, the zones where the water permeates the mortar, preliminary
visual and thermographic analysis of the internal and external walls of the Church [19] were carried out. In
particular, the infrared inspection was performed in passive modality, in accordance with the 2012 update of
the International Standard ISO 6781-1983 that outlines the general procedure for the interpretation of the
infrared thermography method [20]. We used FLIR S65 HS thermal camera with these characteristics:
detector: 320x240 pixels, spectral range: 7.5-13 um, instant field of view: 1.1 mrad. The thermal images
were processed by using Therma CAM Reserchear Pro 2.10 software, supplied by FLIR.

2.3 Mineralogical and chemical characterization of the historic mortar

The mortar analysis was carried out on the whole samples (the binder plus the aggregate) and then on the
binder and on the aggregate, separately. In particular, all the investigations on whole mortar samples were
performed before and after the nanolime treatments, repeated for three times.

A general examination of structure and texture of the mortar has been performed using a stereomicroscope,
(SM, Leica Stereozoom S8 APO), and specific investigations were carried on by observations of thin-
sections, using polarization-fluorescence microscopy (PFM, AXIO Scope Al-Zeiss).

In the decay processes, pores play a major role driving the diffusion of the water inside the mortars; at the
same time, they are the sites where most of the physical-chemical processes associated to weathering and
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biological phenomena occurs and where the treatments act into the sample. For this reason, porosity was
measured by means of combined instruments, using both AccuPyc 1330-Micromeritics pychometer and
GeoPyc 1360-Micromeritics density analyzer. Twenty fragments of mortar of about 1 cm in dimension were
analyzed and a statistical analysis was also performed, reporting the mean value and the standard deviation
as statistical error.

In this study, the binder was separated from the aggregates in order to obtain knowledge on single
components, aggregate size distribution, binder/aggregate ratio [20], and to characterize the aggregates from
a petrographic point-of-view, by means of a visual analysis [21]. 350 g of mortar samples were gently
crushed and dried in oven at 60°C until mass constancy was reached. After this, the aggregate size
distribution was obtained by sieving the sample through a standard series, attributing the fine fraction
passing the 63 pum sieve to the binder-enriched fraction, and the retained one to the aggregate fraction as well
[22, 23].

The binder and the aggregate fractions were characterized by means of several techniques, as X-Ray
Fluorescence spectrometry - XRF (X Spectro-Xepos I11), XRD (PANanlytical X'Pert diffractometer), as well
as infrared spectroscopy - FTIR (Thermo Nicolet spectrophotometer Nexus). In particular, XRD patterns
were recorded in the angular range from 5° to 70° 26, (steps size of 0,026° 20; time per step 400 sec). Each
experimental diffraction pattern was elaborated by the Profile Fit Software, and crystalline phases were
attributed by ICSD and ICDD reference databases. A quantitative estimation of the phase percent was
obtained by means of the Reference Intensity Ratio (RIR) method [24]. FTIR analyses were recorded in the
4000-400 cm™ region at a resolution of 4 cm™. Thermal analyses were performed with a LINSEIS
L.81 thermobalance, thermal analyzer system, in a controlled heating from ambient temperature up to 1000
°C in a static air atmosphere, with a temperature gradient of 10 °Cmin‘’.

2.3 Nanolimes treatments and analysis of their effectiveness

Our nanolime can be tailored for any specific treatment, changing in an easy way both solvent and
concentration. In this case, two suspensions at two different concentrations were prepared: 25 g/l and 50 g/I,
considering for both 10 % water volume with 90 % of ethanol. Ethanol enhances the dispersion stability and
penetration ability of the nanolime particles inside the treated materials [25]. Three specimens of the original
mortar were chosen, for each nanolime concentration, named Sizs and Siso (i=1, 2, 3). They were partially
immersed for 30 minutes in the nanolime suspensions, according to procedure reported in literature [3, 7, 26,
27], and then, in order to enhance the nanolime carbonation process, they were put in a chamber at controlled
relative humidity (R.H. 90 %) for 24 hours. After, the specimens were dried in a oven at 60°C up to a
constant mass value. This protocol was defined to obtain very reproducible laboratory treatments and it was
applied either one or three times.

The efficacy of nanolime treatment was determined measuring the water adsorbed by capillarity before and
after treatment, by means of the procedure in [28]. The mortar specimens were brushed to remove free
particles, weighed, and the most flat face was put in contact with water on a wet gauze, not directly
immersed in water. Each sample was weighed at 10, 20, 30 minutes, 1, 2, 3, 24, 48 and 72 hours and the
amount of absorbed water by the specimen per unit area Q; (kg/m.), at time t; (s), is calculated as in Eq. (1):

_ [omy = my)] ®
Q=

where, m; is the weight at each time interval, mo is the initial weight, and A is the sample surface area. The
resulting Qi were reported versus square root of time (t*2). In this representation, the capillary water
absorption (AC) were the slope of the curve. The effective protective efficacy E, was defined as the
percentage variation of Q; value before and after treatment.

3. Results and Discussion
3.1. Characterization of the mortar

Representative mortar samples are chosen from the wall of the facade, corresponding to the apse and to the
lateral front, presenting the highest decay due to the absorption of capillary water. In particular, from
thermography (Fig. 1) it can be distinguished two damaged areas; the damp area on the East wall can be
attributed to moisture percolation, while the one individuated on the North wall was related to the rising
damp effect from the soil.



East wall

Figure 1. Thermogram of the North and East walls of the Church

The mortar specimen, observed by stereomicroscope, is a heterolithic aggregate of carbonaceous (limestone)
clasts, with an open-framework structure, being the clasts sustained by a microcrystalline matrix. Between
the clasts are present open spaces, irregular vugs, more abundant in the central part of the sample. The
carbonaceous clasts can be divided into two different granulometric size groups, one with diameter ranging
from 3 to 6 mm, the other with diameter <1 mm. In particular, the binder seemed to be uniformly dispersed,
and sample presents irregular and jagged sides (Fig. 2).

a) , b) L

Figure 2. Optical images of the untreated mortar specimen, acquired at different magnifications.
From the thin section observation, reported in Fig. 3, the larger limestone clasts are rounded to sub-rounded
and some are broken; they are classified on a geo-lithological base as mudstone, packstone, wackestone and
oolitic-bioclastic grainstone. The smaller limestone clasts are instead mainly sub-angular and can be
classified as mudstones. To be noted that the matrix surrounds almost all the clasts, but still some empty
vugs are present (Fig. 3b)). Considering the grade of roundness of the two clasts type, it can be assessed that
they have been collected from two different deposits: the larger are from a riverbed or alluvional type
deposit, the smallest one instead are from a mountain debris talus. In the larger clasts can be found
gastropods (Fig. 3c), benthonic biseriate micro-foraminifera nummulitidae types, algae fragments like
dasidaclaceae and solenoporacee. The clasts are hold together by dense crypto crystalline matrix not
resolved with optical microscope (Figg. 3b-c)). As a whole, considering their classification and fossil
content, it can be assessed that the limestone rock types, (forming the granular structure of the sample), were
formed in a carbonatic platform environment. The micro paleontological species recognised suggest that the
carbonaceous clasts derive from the erosion of limestones having an age comprises between Cretaceous Sup.
and Miocene. The limestones, having age and geolithological characteristics suitable with the clasts in the
sample, crop out in the area of Monte D'Ocre (L’ Aquila-Italy).



Flgure 3 Optical mlcroscope images (2 5X magnlflcatlon) a) oolitic grainstone clast. The limestone clast is broken; b)
The larger clast in the centre is a wackestone and is well rounded. The smaller clasts around it have instead sub-angular
outlines; c) Detail of the clasts having diameter < 1 mm that are suspended in the dark and dense matrix. The black
circle indicate the gastropod fossil.

Subsequently, the binder and the aggregate, after the mechanical separation and sieving procedure, were
analysed. The size-grading curve of the aggregate, corresponding to the percentage weight respect to each
sieved fraction, was obtained: 19.5+0.5 % of mortar is binding material (< 63 pm) and 80,5+0.5 % is the
aggregate fraction (grain size between 63 and 1400 pm). This evaluation allows estimating the
binder/aggregate ratio equal to 1:4 which corresponds to that referred to same historical period of the S.
Massimo Church [29, 30]. According to the standard procedure, by a visual observation of the coarser
fraction of the mortar aggregate, individual clasts appear constituted by: a) 42 % of coarse sub-angular to
sub-rounded grains, poor selected; b) 14 % of fine sub-rounded aggregates; c) 44 % of arenaceous ones.

The elemental composition of both the binder and aggregate fractions, obtained by XRF, is reported in Table
1.

Table 1. XRF analysis on the mortar constituents (wt %).

| ca si A Fe Mg Kk < S  Na P
Binder
(<6oum | 39 381 - 071 06l 028 016 012 - 01
Aggregate | 2309 255 089 042 025 035 - 011 017 010

The mineralogical analysis of the aggregate shows that it is composed by 97% of calcite (CaCOs, ICSD
pattern 98-002-8827), 2% of quartz (SiO;, ICSD pattern 98-006-2406) and traces of muscovite
(AlsSizK(OH)2010, ICSD pattern 98-000-9650) (Fig. 4a)). The binder is composed by 93% of magnesium
calcite crystalline phase (C1Cao.9sMgo.0sO3, ICSD pattern 98-008-6162) and by 7% of quartz (SiO2, ICSD
pattern 98-006-2406) deriving from the contamination with very thin particles passed from the sieving
process (Fig. 4b)), and confirmed by XRF analysis.
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Figure 4. XRD patterns of the mortar samples; a) aggregate fraction; b) binder fraction.



These results are confirmed by the FT-IR analyses, for both fractions, which mainly present all the typical
absorption bands of calcite at 2515, 1799, 1423, 875 and 713 cm™. The presence of free water (band at 3400
cm?, and at 1630 cm™) and of Si-O vibration at around 1040 and 470 cm™ [30] is observed too.

As concerns TG-DTA measurements, both the binder and the aggregate fraction have an endothermic peak at
around 100 °C, which can be attributed to physically adsorbed water. In addition, a weight loss less than 1%
is observed during the heating up phase, up to 100 °C, revealing that mortar do not show a hygroscopic
behavior [20]. It has been also observed a strong endothermic peak at about 860 °C for the binder and 900 °C
for the coarse fraction, in relation to a weight loss of about 36% and 41% respectively, attributable to calcite
decomposition, as detected by the XRD analyses. The shift in temperature for this endothermic peak,
observed for the binder, can be attributed to the presence of magnesium in the calcite lattice [31], but also to
different crystal sizes of calcite in the binder particles compared to that of the aggregate sample.

3.2. Characterization of the nanolime suspension used in the treatments

From XRD analysis (Fig. 5), the nanolime suspension, used for the treatments, is composed by pure and
crystalline phase of hexagonal Portlandite (ICSD#96-100-8782, Ca(OH).).
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Figure 5. XRD pattern of dried particles from the synthesized nanolime suspension. Bragg peaks of Ca(OH): pattern
(1CSD#96-100-8782) are indexed.

The nanolime particles, as determined by TEM observations, present a hexagonal morphology, formed by
the aggregation of Ca(OH), nanocrystals with small dimensions, finely dispersed (Fig. 6a)). These results are
supported by AFM analysis (Fig.6b)) which shows a single nanoparticle less than 50 nm in diameter and 5
nm in height (Z-direction).
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nanocrystals; b) AFM image of a single particle (right), and the profile analysis along the Z-axis (left).

3.3. Efficacy of nanolime treatments

Optical image of a sample treated with nanolime suspension at concentration of 25 g/l, is reported in Fig.
7a). It is possible to note that the treated surface appears less wrinkled and further homogeneous, with
reduced superficial discontinuities if compared to the untreated sample (Fig.2a)). It can be also observed a
"white layer" on the surface, related to the nanolime treatment. The sample treated with a concentration of 50
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g/l, reported in Fig. 7b), is characterized by the said layer on the surface without diffusion of lime into the
superficial cavities, as instead observed at lower concentration (25 g/l).

~,

a) b) B P
Figure 7. Mortar samples treated with nanolime suspensions at different concentrations. a) 25g/l; b) 50g/I.

Thin section observations, reported in Fig.8, show in the treated area two different types of matrix, holding
the clasts. In particular, since the treatment has been done by immersion, the nanolime penetration in the
sample is from outside to inside. From the external part of the sample inwards, a variation in the matrix
color, accompanied by a change in the microstructure, can be distinguished. The external portion is paler,
cream in color and there are birifrangent crypto-crystals emerging from the dense and opaque matrix. The
darker internal part, instead, do not contain crypto-crystals. In the treated portion of the sample, although
some irregular vugs are still present, all the clasts are well coated by the creamish binder. The depth of the
treatment infiltration is variable between 2 and 2.5 mm, and it results homogeneous in the treated volume.

AN . s :
Figure 8. Optical microscope image (5x magnifiéation). Top image: (light with normal polarization), transition between
the external creamish colored matrix and the darker internal matrix (outlined by the red line) is shown. Down image:
(cross polarized light), the external matrix shows the presence of birifrangent crypto-crystals.

These observations are consistent with the results of porosimetric investigation, where it can be observed a
reduction of the superficial porosity from (31+6)%, before treatment, to (26+8)% and (15+4)% after
treatments at suspension concentrations of 25 g/l and 50 g/l, respectively. Moreover, from these results the
nanolime treatment seems to reduce the superficial porosity, as much as the concentration of suspension
increases.

The nanolime treatment effectiveness also towards water was evaluated by measuring the reduction of water
absorbed by capillarity, in the treated samples compared to the untreated ones. These results are very
significant, in particular when the mortar is repetitively exposed to freeze-thawing cycles, as it is the case in
Abruzzo region where the S. Massimo D’Aveja Church is located, as well as in all historical building placed
in cold regions. In Fig.9 are reported the results of water absorbed by capillarity from the mortar samples
before and after treatments, including the capillary water absorption coefficient (AC).
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Figure 9. Capillarity curves of mortar samples before (continuous lines) and after (dot lines) three repeated treatments:
a-b-c) at a nanolime concentration of 25¢/l; d-e-f) at a nanolime concentration of 50g/l. AC values are reported too.

Taking into account that the AC coefficient can be directly related to the pore sizes, the results coming from
the capillarity tests match with previous ones from optical microscopy and porosity measurements. In fact, a
percentage reduction of AC coefficient up to 70% results, corresponding to a formation of a thin coating of
stable calcium carbonate on the surface of the superficial pores, which reduces their diameter. Moreover, the
treatments performed at 25¢/l determine an AC reduction for all the treated samples, while in the case of
higher nanolime concentration only one sample presents an AC reduction (Fig. 9f). The total water amount
absorbed by capillarity appears, instead, clearly reduced in all treated samples. The results of protective
efficacy Ep, in fact, underline a high protective effect of the nanolime treatments, already after only one
protocol, for both concentration values. In particular, the treatment performed with a nanolime concentration
of 25 g/l shows the best E, value ranging from 16 % to 40 %, after only one protocol. According to the
protocol, after three treatments, the E, values continue to increase, up to about 60 % for two of the three
considered samples. Treatments performed at a 50 g/l nanolime concentration, reveal lesser E, values,
together with a less reduction of the AC index. The last result can be ascribed to the higher agglomeration of
nanoparticles that limits their penetration towards the internal pores of the material, as observed from the
stereomicroscope optical images. At the same time, the agglomerated particles cover the surface reducing the
pores, leading to the formation of a thicker calcium carbonate coating as well, which can be less adherent to
the substrate and, consequently, it is less protective in presence of water.

Finally, it is important to underline that the porosity reduction, here observed, is an important perspective not
only towards the water protection but also because it can positively influence the superficial mechanical
properties of the mortar itself, as also reported in literature [1, 3, 32].

Conclusions

In this work, representative medieval mortar samples from damaged areas of the San Massimo d'Aveja
Church were collected and characterized from mineralogical and chemical point of view. In particular, the
collected samples resulted constituted by a magnesium lime binder and an aggregate mainly composed by
calcium carbonate, coming from the erosion of local limestones having an age between Cretaceous Sup. and
Miocene. Moreover, the mortar are characterized by a binder/aggregate ratio of 1:4; the aggregate
distribution in the binder seemed to be well homogeneous, and mainly constituted by fine to coarse sub-
angular and sub-rounded clasts. The lime mortar was characterized by a binder matrix constituted by pores of
variable size and by an irregular and jagged side, giving a medium porosity of about 31 %. In order to
evaluate protection efficacy towards water absorbed by capillarity, treatments have been carried out using
no-commercial hydro-alcoholic nanolime suspensions, employed at different concentrations. Nanolime was
synthesized by our innovative, time and energy-saving route based on an exchange ion process. From optical
images, the surfaces of the treated mortar samples appeared less wrinkled and further homogeneous respect
to the untreated ones. A porosity reduction up to 15 % was observed too. For all treated samples, the
saturation water value absorbed by capillarity was clearly reduced, with a protective efficacy up to about 60
%, for both the suspension concentrations. Moreover, the nanolime treatment, performed at low
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concentration, covered the superficial pores, penetrating up to 2,5 mm from the surface, filling the surface of
the pores by a crypto-crystalline coating of stable calcium carbonate.

In conclusion, our nanolime can represent an excellent material for the restoration and preservation of the
historic mortars in an efficient (and economic) way. In particular, it combines this efficacy with a perfect
physico-chemical compatibility with the original historic lime mortar.
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