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Abstract. Nanolime products are one of the most promising consolidation methods for historic calcareous
substrates. Whilst the popularity of nanolime has been growing, its consolidation mechanism still needs to be fully
understood when applied to highly porous substrates. The aim of this paper is to compare the three available
nanolime products in terms of consolidation efficacy on lime mortar specimens. It is shown that repeated
applications of a low concentrated nanolime can increase the superficial cohesion and the mechanical strength of
the mortar within 1cm from the surface, while also reducing porosity, number of micro-pores and capillary water
absorption coefficient. Nanorestore Plus® yielded the highest short-term consolidation effect. However, L'Aquila

nanolime showed a higher durability which was attributed to a better developed crystalline structure.

1. Introduction

The consolidation of degraded calcareous materials is one of the main challenges in the conservation of historic
structures. Calcareous substrates degrade by weathering processes such as crystallisation of salts, biological activity,
freeze-thaw action and chemical attack by acid atmospheric pollutants [1-3]. Consolidants can help in recovering
the strength of degraded materials as well as decreasing the deterioration rate of the substrate. In general, suitable
consolidants must meet the following criteria: i) be physically, mechanically and chemically compatible with the
substrate; ii) have a good adhesion to the substrate; iii) increase the substrate’s mechanical properties; iv) not
induce colour or aesthetic changes to the substrate; v) reduce porosity but not hamper moisture transport through

the substrate. The effectiveness of the consolidation depends on the interaction of a number of factors such as the
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characteristics of the substrate, the properties of the consolidant and its compatibility with the substrate, and the

application methods and conditions [4].

Limewater, which is a saturated solution of calcium hydroxide with a maximum of concentration of 1.5g/L with
lime particles in a colloidal suspension [5], has been used over centuries to consolidate deteriorated limestone or
plaster. It has the advantage of being durable and compatible with the substrate as it is based on the precipitation of
calcium carbonate into the pores of the treated material by reaction of the calcium hydroxide with the atmospheric
carbon dioxide (CO,). The main constraint of the limewater technique is a low consolidation depth due to limited
penetration of carbon dioxide into the substrate [6]. Furthermore, the application of limewater can cause whitening
of the treated surface. The effectiveness of limewater has been greatly discussed in literature. According to Price et
al. [7] when using limewater most particles are deposited within 2 mm from the surface yielding an ineffective
consolidation. Price's research has led some stone conservators to be skeptical of this treatment. Nonetheless,
Brajer [8] demonstrated that a prolonged uninterrupted application produces a noticeable consolidation effect and
some authors brought up new perspectives to its practical work such as the use of lime poultices and of an

increased number of limewater applications [3, 9, 10].

During the last century, organic consolidants (i.e. synthetic polymers, such as Paraloid B-72, Mowilith 30 and
Primal AC33) were extensively used in restoration treatments for calcareous materials due to their immediate
strength enhancement, ease of application and the limitations shown by limewater [11]. These consolidants proved
to be effective in the short and medium term for some calcareous substrates. However, the low compatibility with
the mineral substrate and their short durability caused more substrate degradation in the long term, particularly in
environments where temperatures increase above 40°C [3, 9, 11]. Specifically, physical and mechanical
incompatibility between organic consolidants and calcareous substrates can cause crack development, aesthetic

changes and interference with future treatments [12, 13], sometimes with severe consequences [14, 15].

Nanolimes were developed to overcome the limitations of the traditional limewater treatment. Their consolidating
effect takes place by the same mechanism as for the limewater technique but the smaller size of the lime particles
(nanoscale) improves their performance. The advantages of nanolime compared to limewater are: i) nanolimes

contain higher amounts of calcium hydroxide particles; ii) lime nanoparticles are more reactive due to their higher
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specific surface thus increasing the carbonation rate; iii) nanolimes penetrate deeper into the substrate because of
their smaller particle size; iv) nanolimes have better colloidal stability due to their smaller particle size and the
electrostatic repulsion forces between them; and, v) reduced whitening of the treated surface when nanolimes are
used. An overview of nanolime synthetisation methods and use as a consolidant for calcareous substrates can be

found elsewhere [16].

The first nanolime to become available on the market was Calosil® (IBZ-Salzchemie GmbH & Co.KR, Germany)
in 2006, followed by Nanorestore® (CSGI - University of Florence, Italy) in 2008. Recently, the University of
L'Aquila has patented a new method to synthesise nanolime where nanoparticles are produced by an anion
exchange process at ambient room conditions in aqueous suspensions [17-19]. Nanolime produced through this

method is currently in the process of being commercialised.

Both Calosil and Nanorestore have been extensively used for the conservation of wall paintings and stuccoes,
achieving good re-adhesion of detached particles or pigment flakes [5, 16, 20] and consolidating powdering
surfaces [15, 20]. However, the effectiveness of the nanolimes decreases when mass consolidation of a porous
substrate such as deteriorated stone or mortar is required [21-23]. The effectiveness of nanolime as a consolidant
appears to be influenced by several factors: i) multiple applications of low nanolime concentration suspensions (i.e.
5 g/L) reduce the accumulation of consolidating product near the surface and improves the yield of carbonation
within the pores [24, 25]; ii) the type of alcohol used can influence the nanolime deposition in the pores [26, 27] as
well as the carbonation process [28], iii) external factors such as relative humidity (RH) and exposure time appear
to influence the carbonation rate and precipitation of polymorphs [29, 30]; iv) age and storing temperature of the

nanolime affects the conversion of Ca(OH), particles into Ca-alkoxides which can decrease its effectiveness [31].

The aim of this work is to compare the consolidation effectiveness of the three available nanolime products on lime
mortars and investigate their long term performance. The influence of the nanolime treatments on mortar
superficial cohesion, water absorption by capillarity, drying rate, drilling resistance, pore structure and aesthetic

properties have been investigated.
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2. Materials and methods
2.1 Lime and sand

Singleton Birch Ultralime CL90 (> 98% Ca(OH),, measured by XRD and XRF) and silica sand from Pentney
(UK) were used throughout this work for the mortar mixes. The sand grading is shown in Figure 1. The
mineralogical composition of the sand, which was determined by XRD (PANalytical XPert PRO) using Rietveld

refinements, is 96.3% Quartz (SiO,, ICSD #00-046-1045) and 3.7% Potassium Feldspar (KAISi;Og, ICSD #01-076-

0831).
100%
80% |
oo
£
a 0,
§ 60%
(')
&
£
L 40%
&
20% |
0% T ——— ; T T
0.01 0.1 1 10
Particle size (mm)
Figure 1. Sand grading curve
2.2 Nanolime

Three nanolime dispersions were used throughout this work:
- Nanorestore Plus Propanol 5® (CSGI Consortium - University of Florence, Italy): 5 g/L calcium

hydroxide in 2-propanol. Particle size 100-300 nm. This dispersion is referred to as NAN.

- Calosil IP5® (by IBZ Salzchemie GmbH & Co.KG, Germany): 5 g/L calcium hydroxide in 2-propanol.

Particle size 50-150 nm. This dispersion is referred to as CAL.
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- Nanolime synthesised through the method developed by Taglieri et al [17] at the University of
L'Aquila: 5 g/L calcium hydroxide in 50-50% water - 2-propanol. Particle size 20-80 nm. This dispersion

is referred to as LAQ.

LAQ was synthesized through an anionic exchange process carried out at room temperature and ambient pressure
by mixing under moderate stirring an anion exchange resin (Dowex Monosphere 550A OH from Dow Chemical)
with an aqueous calcium chloride solution following a methodology described by Taglieri et. al. [17, 18] and Volpe
et. al. [19]. When these two components are mixed together, the substitution of OH groups in the resin with
chloride ions (CI") in solution leads, in conditions of supersaturation, to the formation of pure Ca(OH),

nanoparticles, following the reaction:

CaCl, + 2(R-OH) — Ca(OH), | + 2(R-Cl)

The concentration of chloride was monitored during the process (Vernier Chloride lon-Selective Electrode CL-
BTA) and when this reached a constant value below 30 mg/L, the stirring was stopped and the aqueous suspension
was separated from the resin by means of a sieve (80um). The supernatant water was then extracted through a
pipette and replaced with 2-propanol in order to maintain a concentration of 5 g/L in a 50-50% vol. water-2-
propanol solvent. This is considered the optimal formulation for this nanolime in terms of carbonation and kinetic

stability [18, 32].

The decrease rate of chloride content during the synthesis was very rapid, with about 97% of the reduction
occurring within the first minute of the process. The synthesis was stopped after 15 minutes when the ion exchange
process was completed (zero kinetic exchange), with a total reduction of chloride content of 99.82% and a residual

chloride content of 0.18% (29.4 mg/L). Similar results have been reported by Taglieri et. al. [17-19, 32].

2.3 Mortar preparation and testing
Mortars were produced with a volumetric binder:sand ratio of 1:2.5 to a constant flow of 16 cm measured

according to BS EN 1015-3:1999 [33]. Although mix proportions are expressed by volume, mortars were batched
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by weight after accounting for component densities, which were measured in accordance with BS EN 459-2:2010
[34]. The water:binder ratio was 1.56 to obtain the desired flow. Mortars were produced by mixing the dry
ingredients with water in a Hobart mixer. The mix protocol was as follows: 1) dry mix sand and lime for 2 minutes
at 62 rpm; 2) add water while continuing mixing at 62 rpm for 30 s; 3) stop the mixer for 30 s and scrape the mixer
bowl; 4) mix for 5 min at 125 rpm. Samples were cast in 40x40x160 mm steel moulds in two layers and vibration-
compacted. Immediately upon floating off the fresh mortar, the moulds were transferred to a temperature and
humidity controlled room maintained at 20 °C and 65% RH. Mortar beams were de-moulded after 5 days and
stored in the same room for the following 23 days. On the 28" day of curing, each prism was cut into 4 cubes

measuring approximately 40x40x40 mm prior to curing for further 28 days in the same conditions.

The mineralogical composition of the mortar was determined by X-Ray Diffraction. Samples obtained from the
core of the cube were ground and sieved through an 80 um sieve mesh and placed over an XRD zero-background
sample holder; the XRD patterns were recorded with a step size of 0.026°20, in the angular range 5-70°26.
Quantitative analyses were carried out by means of Rietveld refinement [35, 36]. X-ray data were fitted using the
pseudo-Voigt profile function. Specimen displacement, polynomial coefficients for the background function, lattice
parameters, profile parameters, and Gaussian and Lorentzian profile coefficients were refined. Quantitative analysis
by Rietveld refinement shows the mineralogical composition of the mortar is 82.3% Quartz (SiO,, ICSD #00-046-

1045) and 17.7% Calcite (CaCOs, ICSD #00-005-0586).

2.4 Nanolime characterisation

The size, shape and degree of agglomeration of the calcium hydroxide particles in the three nanolime products were
determined by TEM (Philips CM200), while the crystalline phase was analysed by XRD. TEM samples were
prepared by dispersing 0.2 ml of nanolime suspension in 20 ml of ethanol and placing a few drops of the resulting
liquid on a carbon-coated copper grid. XRD samples were prepared by using the zero-background silica sample

holder. Both TEM and XRD samples were prepared in nitrogen atmosphere, to prevent carbonation of the lime.

The kinetic stability (KS) of the three products was determined by turbidity measurements, analysing their
absorbance at X = 600 nm by means of a UV/VIS Spectrophotometer (UV-VIS Spectrophotometer Varian

50SCAN). Before the test, nanolimes were agitated, instead of sonicated. Sonicating has been the normal practice
Page 6 of 30
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in previous studies [18, 20, 26, 28], however, agitation was preferred in this work to simulate in-situ conditions
where conservators normally have no access to an Ultrasonic Bath. Measurements were taken over a period of up

to 2 hours. The relative kinetic stability (KS %) was calculated using the following formula:

KS % = 1- [(Ag— A)/Ag] x 100

Where A, is the starting absorbance and A, the absorbance at time t, both at a wavelength of 600 nm [5, 28]. KS %
decreases as a result of the nanoparticles settling; values range from 0 (unstable dispersion) to 100 (no deposition of

nanoparticles).

2.5 Nanolime carbonation process characterisation

The carbonation process was investigated by means of TEM, SEM (SEM, NOVA 200 NanoSEM 450) and XRD.
For TEM observations, samples were prepared as described in section 2.4 and exposed to air for 1 minute prior to
carrying out the observations. For SEM investigations, 0.10 ml of each suspension were placed on a copper SEM
sample holder and exposed to outdoor conditions in a sheltered area (T = 5-15°C, RH = 60-80%) for 7 days prior to
carrying out the observations. SEM micrographs were taken with an ETD detector, a working distance of
approximately 3 mm, an optimum accelerating voltage of 15 kV and a spot size of about 30 nm. Specimens were

coated with a 20 nm thick layer of gold using a Quorum Q150T coater unit to prevent surface charging.

Samples for XRD were prepared by exposing 0.12 ml of each suspension (NAN, CAL and LAQ) to outdoor
conditions in the same sheltered area mentioned previously for 1 hour and 7 days prior to analysing by the
diffractometer. XRD patterns were recorded in step size of 0.026°28. Each experimental diffraction pattern was
elaborated by means of a Profile Fit Software (HighScorePlus, PANalytical), and each crystalline phase was
identified using the ICSD and ICDD reference databases. Quantitative analyses were carried out by means of

Rietveld refinements.

2.6 Nanolime treatment application
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Each of the three nanolimes was agitated and applied by brush on the top face (as cast) of three 40x40x40 mm
mortar cubes, allowing the nanolime to be fully absorbed by the mortar between two consecutive brushstrokes.
Nanolimes were also agitated between each brushstroke. The treatment was continued until no further absorption
was observed for a period of at least one minute after a brushstroke. At this time, the application was interrupted
and was repeated 24 hours later when the specimen was dry. Samples were weighed before and after each
application (after full evaporation of the solvent) to determine the total amount of nanolime absorbed by the mortar.
The treatment was considered complete when each mortar cube absorbed 500mg of calcium hydroxide
(approximately 100ml of nanolime). This required about 20 consecutive days of application for each nanolime.
Upon treatment completion, the samples were stored outdoor in the sheltered area for a period of 28 days (T = 5-

15°C, RH = 60-80%). A set of untreated control samples was also stored in the same conditions.

2.7 Evaluation of treatment effectiveness
Following 28-day outdoor exposure, the mortar cubes were dried to constant mass at 60 °C in a fan assisted oven
and subsequently stored in a desiccator until testing. The effectiveness of the nanolime was evaluated by means of

the tests described below.

The influence of the treatments on pore size distribution and porosity of the mortars was investigated by Mercury
Intrusion Porosimetry (MIP) using a PASCAL 140/240 instrument. Each test was carried out on one fragment
measuring approximately 5x5x10 mm collected within 5 mm from the top surface (as cast) of both treated and
control samples. The samples were dried in a fan-assisted oven at 60 °C until constant weight prior to testing. The

mercury contact angle was taken to be 140°.

The water absorption coefficient by capillarity (WAC) of both treated and control samples was measured according
to EN 13755 [37]; three samples being tested for each mortar. Upon completion of this test, once asymptotic water
absorption was reached, samples were immersed in water for 24 hours and their apparent porosity was calculated
following ASTM C 97-96 (American Society for Testing and Materials, 1996) [38], although the actual immersion
time was half of that recommended in this standard. Their drying behaviour was sequentially calculated according

to CEN EN 16322 [39]. This sequence simulates a real situation in an outdoor condition (cycles of dry-wet-dry).
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The influence of the nanolime treatments on the surface cohesion of the mortar was evaluated by means of the
'Scotch Tape Test’ (STT) carried out in accordance with ASTM D3359 [40]. The test was performed on both

treated and control samples and results taken as the average of 9 measurements per sample.

The consolidation effectiveness of the three nanolimes was also assessed by means of a Drilling Resistance
Measurement System (DRMS) from SINT-Technology. The DRMS measures the force required to drill a hole at
constant rotation (rpm) and lateral feed rate (mm/min). It is generally considered the most suitable methodology for
quantifying consolidation effectiveness and depth of penetration of consolidants, particularly in soft stones [41, 42].
Tests were performed on both treated and control mortar cubes using drill bits of 5 mm diameter, a rotation speed
of 200 rpm, a rate of penetration of 15 mm/min and a drilling depth of 20 mm. Drilling resistance values per each

treatment were calculated as the mean of 6 tests carried out on 2 cubes per each of the nanolimes.

The surfaces of both treated and control samples were observed under a Scanning Electron Microscope in order to
evaluate the morphology and distribution within the pores of the calcite crystals originated from the carbonation of

nanolime.

Any surface colour variations induced by the nanolime treatments were evaluated with a spectrophotometer
(Minolta CM508D Colorimeter) with the CIELab system [43]. 30 measurements were taken in different areas of
the surface of each of the treated and control mortar cubes. Total colour variation (AE) was calculated by the

formula:

AE* = JAL*2 + Aa*? + Ab*2

where AL*, Aa* and Ab* are the change in luminosity for white-black, red-green and blue-yellow parameters,

respectively.

The durability of the treatments was evaluated using a QUV/SE Accelerated Weathering Tester from Q-Lab
Europe Ltd. Both treated and control mortar cubes were exposed to alternating cycles of UV light and moisture
condensation at controlled temperatures in accordance to ASTM G154 CYCLE 4 [44] for a period of 340 hours.

Each UV cycle has duration of 8 hours and uses an irradiance of 1.55 W/m? at a temperature of 70 °C. The moisture
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condensation cycles are carried out at 50 °C with no UV irradiation. The influence of the accelerated weathering on

the mortars surface colour and drilling resistance were assessed by colorimetry and DRMS as described above.

3. Results and Discussion
3.1 Characterisation of the nanolime suspensions

Figure 2 shows TEM photomicrographs of the three nanolime products. Hexagonal Ca(OH), nanoparticles with
identical morphology can be observed in all three of the nanolimes. The crystals tend to agglomerate due to the
nanoparticle phenomenon caused by their high surface energy [26, 28, 31] (Figures 2a and 2b). The size of the
observed nanoparticles is 250 - 100 nm for NAN (Figure 2a), 150 - 80 nm for CAL (Figure 2b) and 80 - 20 nm for
LAQ (Figure 2¢). These results are in line with those reported by the developers of the three products [5, 17-20, 45,

46].

c)
Figure 2. TEM images of: a) NAN; b) CAL; c) LAQ. Please note that the magnification bar is 100 nm for NAN and CAL, and

only 20 nm for LAQ.

The XRD analysis in nitrogen atmosphere (Fig. 3) shows that the only crystalline phase of the three nanolimes is
Portlandite (Ca(OH),, ICSD #01-087-0674), confirming the results of the observations by TEM. For the three
samples the strongest peak corresponds to the {001} basal plane. However, XRD Rietveld refinements showed that
LAQ Ca(OH), particles have a preferred orientation to the side plane {010}. NAN and CAL did not show any

significant preferred orientation. The Rietveld refinement factors are included in Table 1.
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Table 1. Rietveld refinement factors of samples dried in Nitrogen atmosphere and exposed to air in outdoor conditions (60-

80%RH) for 1h and 7 days.

Nitrogen 1 hour in air 7 days in air
NAN CAL LAQ NAN CAL LAQ NAN CAL LAQ
R-expected 10.1 9.35 13.89 20.24 20.24 20.03 19.53 15.67 20.03
R-profile 11.69 7.98 11.77 16.13 16.13 15.64 18.52 16.31 15.64
Weighed R profile 14.66 10.38 16.11 20.67 20.67 20.17 24.1 20.81 20.17
Goodness of fit 3.49 1.23 4.34 2.04 2.04 3.01 1.52 1.76 431
Phase proportions 100% 100% 100%  90.3% C 100% 100% 100% 75.8%C 100%
prop p P P 9.7% P P C C 24.2% V C
Direction of preferred NPO  NPO 10 NPO NPO NPO  NPO NPO 104
orientations
NPO (No preferred orientation), P (Portlandite); C (Calcite); V (Vaterite)
2500 - 4000 ~— ‘
(001) * Portlandite 3500 (001) « Portlandite
2000 A
3000 4
1500 - 2500 -
= >
G = 2000
5 10001 5 1500
E J (101) E Co
500 . (102) 1000
S o | :
04 + + + + 4+ F ¥ o _‘\"’"‘-——-4»--—-’};4; Jj" I\*i_‘_*** .
.-4(‘*—-“ - {,, -\ i \ Je .
-500 . . . . r 500 11 . . . . .
15 25 35 45 55 65 75 15 25 35 45 55 65 75
a) 20 b) 20
10500 .
(001) » Porlandite
9500 -
8500
7500
- 6500 A
E 5500 -
c
L 4500 (010)
c .
"= 3500 4
(101)
2500 .
1500 (102) (-lm)
500 '
-500 - = — — ;
15 25 35 45 55 65 75
C) 20

Figure 3. XRD patterns for NAN (a), CAL (b) and LAQ (c) samples dried in nitrogen atmosphere. Red line corresponds to
Intensity observed, blue line to Intensity calculated and green line to the Intensity observed - Intensity calculated difference

curve. The crystal phases are shown in brackets and the "+" symbol corresponds to the main peaks.

Figure 4 shows the absorbance (at 600nm) of NAN, CAL and LAQ dispersions over a period of 2 hours following

a moderate agitation. A high colloidal stability was observed for NAN and CAL Ca(OH), nanoparticles. Previous
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studies have shown that NAN and CAL nanolimes can keep the colloidal state for more than one week [47]. In
contrast, LAQ Ca(OH), nanoparticles start to settle about 2 min after agitation (sedimentation rate ~ 6% per h) and
that 12% of the particles settle after 2 hours of the testing period. This sedimentation process is considerably slower
than that occurring in limewater, where more than 90% of the particles settle in 2 hours [48]. The colloidal stability
of LAQ dispersion during the first 2 minutes after agitation can be considered acceptable for practical purposes as
most of the particles remain in colloidal state for the whole length of each application [28]. High colloidal stability
is critical to prevent the formation of undesired surface whitening as colloidal particles penetrate better into the

pores reducing accumulation on the surface [48].

100

— NAN CAL

LAQ |
80

60

KS (%)

40

20

0 T T T T T
0 20 40 60 80 100 120

Time (min)

Figure 4. Kinetic stability KS (%) of NAN, CAL and LAQ dispersions

3.2 Nanolime carbonation process

The XRD patterns of nanolimes exposed to air for 1 hour (Fig. 5) show the LAQ nanoparticles to be the most
reactive, with calcite (ICSD # 01-085-1108) being the only detected crystalline phase (Fig. 5¢). NAN nanoparticles
(Fig. 5a) also showed good reactivity within the 1 hour of air exposure time, with 90.3% of the sample being
composed of calcite (ICSD # 01-072-1652) and 9.7% of portlandite (ICSD # 01-087-0674). The only crystalline
phase detected for CAL was portlandite (ICSD # 01-072-0156), indicating a slower carbonation process (Fig. 5b).
The relatively high background combined with broad and weak Bragg peaks recorded for these samples suggest the

presence of poorly crystalline phase(s) (Fig. 5).
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Figure 5. XRD patterns of NAN (a), CAL (b) and LAQ (c) samples exposed to air in outdoor conditions for 1 hour (60-
80%RH). Red line corresponds to Intensity observed, blue line to Intensity calculated and green line to the Intensity observed -
Intensity calculated difference curve. The crystal phases are shown in brackets and the "+" symbol corresponds to the main

peaks.

XRD analysis after 7 days of air exposure shows a better defined crystalline structure for all three samples (Fig. 6)
resulting from the completion of the carbonation process. Both NAN and LAQ samples consist entirely of calcite
(CaCOs;, ICSD# 01-086-2334 and ICSD #01-083-0578 respectively) while CAL is composed of 75.8% of calcite
(CaCOs;, ICSD# 01-081-2027) and 24.2% of vaterite (ICSD# 01-072-0506). Vaterite is the least stable polymorph
of calcium carbonate, calcite being the most stable one [29, 30]. In previous studies [24], Calosil was found to
precipitate as calcite and aragonite. XRD-Rietveld shows the calcite crystals in LAQ (Fig. 6c¢) are fully oriented to
{104} while the crystals in NAN and CAL have no preferred orientation. The Rietveld refinement factors are

included in Table 1.
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Figure 6. XRD patterns of NAN (a), CAL (b) and LAQ (c) samples exposed to air in outdoor conditions for 7 days (60-
80%RH). Red line corresponds to Intensity observed, blue line to Intensity calculated and green line to the Intensity observed -
Intensity calculated difference curve. The crystal phases are shown in brackets and the "+" symbol corresponds to the main

peaks.

TEM images taken after 1 minute of air exposure show that during the carbonation process NAN and CAL tend to
grow mainly as hexagonal plates (Fig. 7a, b) while LAQ nanoparticles can be seen to grow preferentially through
the {010} side plane (Fig. 7c). SEM images taken after 7 days exposure to outdoor conditions show NAN and CAL
being characterised by calcium carbonate crystals of irregular shape (Fig. 7d - 7e), while LAQ shows calcite in
well-formed hexagonal prisms and parallelepiped shapes (Fig. 7f), presenting larger size (10um) than NAN and
CAL ones, despite the smaller original nanoparticle size. Prismatic calcite crystals with similar shape to that
observed for LAQ have been described by Ukrainczyk et al [49] when examining the influence of additives on the

growth of calcite crystals.
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Figure 7. a) TEM image of NAN after 1 minute of air exposure at 124,000x; b) TEM image of CAL after 1 minute of air
exposure at 213,000x; ¢) TEM image of LAQ after 1 minute of air exposure at 28,800x; d) SEM image of NAN after 7 days at

8,000x; ) SEM image of CAL after 7 days at 10,000 x; f) SEM image of LAQ after 7 days at 3,000x.

3.3Effectiveness of the nanolime treatments

The pore structure properties of treated and control mortars are summarised in Table 2. It is evident that all three
treatments affect the pore structure of the mortar by reducing the modal pore diameter and the porosity while
increasing the total pore surface area. The highest porosity decrease was observed for the mortar treated with NAN
(26% decrease), followed by those treated with LAQ (21%) and CAL (16%). The pore size distributions of control
and treated mortars are shown in Fig. 8. It can be seen that the control sample has a tri-modal pore size distribution,
coarser pores with diameters between 25 pm and 100 um, intermediate pores with diameters between 3 um and 25
um and finer pores with diameters between 0.06 um and 0.7 um. Following the treatments, a complete removal of
the coarsest mode and enhancement of the intermediate mode can be observed (Fig 8). Such enhancement is more
prominent for the mortar treated with CAL (Fig. 8), which is in line with the lower decrease in porosity observed

for this mortar.
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Table 2. Pore structure properties of treated and control mortar samples measured by MIP

Modal pore Total pore

Sample Porosity (%) diameter surface area
(um) (m?/g)
Control 22.63 18.09 0.45
NAN 16.75 15.23 0.575
CAL 18.92 13.55 0.585
LAQ 17.87 14.15 0.781
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Figure 8. Differential volume of intruded mercury versus pore diameter of treated and control mortar samples

The water absorption and drying curves are reported in Fig 9. Apparent porosity by immersion, water absorption

and drying characteristics are reported in Table 3.
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354 Figure 9. Capillary absorption (a) and drying curves (b) for control and NAN, CAL and LAQ treated mortars

355

Table 3. Apparent porosity by immersion, capillary water absorption and drying
characteristics

Parameter CO NAN CAL LAQ
Apparent porosity (%) 11.84 (£ 0.20) 10.49 (+ 1.63) 11.60 (+ 0.40) 11.17 (+ 0.65)
Water absorption coefficient (10 g/cm? s°°) 9.5 (+ 0.78) 5.5 (+1.7) 8.2 (+2.5) 9.1 (+0.5)
Water absorbed at asymptotic value (g) 11.00 (+0.06) 8.95 (£1.05) 10.60 (x£0.52) 10.32 (+0.68)
Water absorbed after 24-hour immersion (g) 11.57 (£ 0.16) 10.34 (+ 1.61) 11.49 (£ 0.38) 11.07 (+ 0.50)
Initial drying rate (10°3g/ cm® h) 49 (x0.1) 39 (0.3 44 (£0.5) 44 (x0.3)
Final drying rate (10°g/cm® h) 1.0 (x0.3) 1.0(x1.0) 1.2 (x0.6) 1.2 (x0.5)
Moisture content after 72 hours (g/cm°) 0.01 (+0.01) 1.81 (+0.01) 1.94 (+0.02) 2.02 (+0.02)
Time for total drying (h) +50 > 72 >72 > 72
\églges in parentheses are standard deviation of the three cubic samples.

357  Capillary rise in a porous material is strongly influenced by pore size distribution. The pore diameter range
358  affecting water capillary rise and transport could theoretically be considered to range between 1 mm and 1 um
359  diameter [50]. It is shown that all three treatments yield a decrease of the capillary water absorption coefficient of
360  the mortar. This decrease can be attributed to the reduction in the number of pores with diameters between 17 um
361  and 100 um, which results from the applied treatments and was also recorded by the MIP measurements. Figure 9a
362 and Table 3 show that the NAN treatment yielded the biggest decrease in WAC (42%), followed by CAL (14%)
363 and LAQ (4%). Control samples required about 7 hours of contact with water to reach asymptotic values while
364  treated samples took nearly 9 hours (Fig. 9a). The latter absorbed less water by both capillarity and 24-hour
365  immersion, with the NAN treated sample showing the greatest decreases.

366

367  The treatments also reduced the apparent porosity of the mortar, with the NAN treated samples showing the highest
368  reduction (11.4%) followed by LAQ (5.7%) and CAL (2.1%). These results are fully compatible with the results of
369  the porosity measurements by MIP reported above. The average apparent porosity of the treated samples show a
370  relatively high standard deviation reflecting the inhomogeneity of the applied treatment, with the CAL (0.40)
371  being only twice the value of the control, while LAQ (0.65) is thrice higher than the control and NAN (+1.63)
372  being significantly higher (Table 3).

373
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The drying curves (Fig. 9b) and the measured initial and final drying rates (Table 3) show that treated mortar
samples take far more time to dry than the control ones. This is an undesirable behaviour as it increases the risk of
spalling when the mortar is exposed to freeze-thaw cycles (limited to the external 1 cm plus where the nanolime
precipitates) and / or biological attack [51]. The drying rate reduction is attributed to the finer pore structure of the
mortar near the surface of the sample which results from the nanolime treatment. The smaller pores in the denser
mortar layer reduce the liquid water transport towards the surface hence slowing down the drying kinetics [51]. The
lowest initial drying rate was observed for the mortar treated with CAL while NAN and LAQ yielded similar rates.
Whilst control samples were completely dry after 50 hours, treated samples still contained some residual moisture

after 72h (Table 3).

Table 4 shows the results of the Scotch Tape Test (STT). A significant decrease of removed material (AV = 90%)
was observed for all treated mortars with no significant differences in the performance of the three nanolimes. The
standard deviation of the AV (%) (SD) shown in the table confirms a good reliability for this test in the measuring

of surface cohesion.

Table 4. Scotch tape test results. Values determined on 9 measurements.
Removed material (mg/cm?)

Treatment Before treatment After treatment AV (%) SD
NAN 26.85 (£1.24) 2.54 (£3.96) 90.54 5.1
CAL 26.71 (£1.56) 1.71 (x0.73) 93.60 2.3
LAQ 26.76 (£1.04) 3.16 (+2.57) 88.19 3.6

Scotch area: 3 x 1.5 cm; Values in parentheses are standard deviation for the nine measurements taken on
each of the three cub samples

Drilling resistance results are shown in Figure 10. It can be seen that whilst the control sample shows a steady
drilling resistance throughout the drilling depth (average force =~ 0.07N), the treated samples show increased
resistance within the first 10 mm from the surface. The highest average drilling resistance was observed for the
mortar treated with NAN (average force ~ 0.57), followed by those treated with CAL (average force ~ 0.32) and
LAQ (average force = 0.27). This is fully compatible with the porosity results which showed a more marked
decrease of porosity for NAN treated samples than for CAL and LAQ treated samples. The average drilling
resistance in the outer 5 mm is 0.09 N for Control, 1.12 N for NAN, 0.68 N for CAL and 0.64 N for LAQ, which is
also in line with the results of the MIP measurements. This trend was not observed in the results of the Scotch Tape
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Test, possibly due to a lower sensitivity of this technique compared to that of the DRMS. The DRMS profiles in
Figure 10a-c show that the drilling resistance of the treated samples decreases with depth until it reaches the
resistance of the control sample at about 10 mm for NAN and CAL and about 6 mm for LAQ. This data seems to

indicate for the NAN and CAL treatments a deeper penetration into the mortar compared to the LAQ treatment.

The drilling resistance tests were repeated after exposing the samples to alternating cycles of UV light and moisture
(Fig. 10d-f) and the results show for the NAN and CAL treated samples a reduction of the depth at which the
drilling resistance reaches that of the control samples. This could indicate that a certain amount of material got
partially dissolved from the surface of these samples as a result of the exposure to the alternating cycles of UV light
and moisture condensation at elevated temperatures in the tester. The presence of deposits of white powder material
in the water pan just below the sample holder panel seems to support this interpretation. The DRMS profile of the
LAQ treated sample is similar to that recorded before the accelerated weathering test (Fig. 10f), which seems to
indicate that less or no material loss occurred on the surface of this sample. The apparent higher resistance to
weathering of the LAQ treated sample compared to that of the NAN and CAL treated ones could be attributed to a
better developed crystalline structure and larger crystals. As described in section 3.2, LAQ produces perfectly
shaped prismatic and parallelepiped calcite crystals of a larger size compared to NAN and CAL, which present
poorly crystallized ones. The "well-shaped" calcite crystals are more resistant to dissolution than irregular shaped
crystals as is well known [52]. In the case of the CAL treated sample, a reduction of the drilling resistance was
observed within the first millimeter of depth (Fig. 10e), which could be due to the solubility of metastable

amorphous carbonate phases such as vaterite (see section 3.2).
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Figure 10. Drilling resistance of: a) NAN; b) CAL; ¢) LAQ; d) NAN after AWT; e) CAL after AWT and f) LAQ after AWT.

Both treated and untreated mortar surfaces were observed by SEM in order to study the distribution of the nanolime
in the pores and the morphology of the calcite crystals. SEM micrographs showed for the control samples a great
number of large pores (pore diameter >100 um), which are outside of the measurement range of the used MIP
technique (Fig.11a). Following the treatments, the reduction of porosity and pore size due to the deposition of

calcite inside the pores is clearly visible (Fig. 11b-d).

det mag WD 1mm t ¢ a( WD 1mm
ETD 102 x nr CcO 5 100 nr NAN
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Figure 11. SEM micrographs of mortar samples (100 X): a) control sample; b) surface treated with NAN; c) surface treated

with CAL; d) surface treated with LAQ.

In Figures 11 b-d it can be seen that the nanolime is distributed homogeneously in the pores of the mortar and
seems to adhere well to the substrate to the point that it is not easy to distinguish between the mortar and the newly
precipitated calcite which fills the pores reducing their size. Fig. 12a shows that the calcitic material resulting from
the carbonation of NAN within the mortar presents a different variety of shapes (mostly rhombohedral with
scalenohedral terminations), which were observed also in previous studies for the same nanolime [24]. CAL
precipitated in the form of calcite rhombohedra and some vaterite (Fig. 12b). Fig 12c¢ shows typical calcite prisms
on the LAQ sample. These are larger than those formed by NAN and CAL hence resulting in a smaller specific
surface which is associated with higher resistance to weathering [52]. This morphology is similar to that visible on

the SEM images (section 3.2).
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445 Figure 12. SEM detail micrographs of carbonated nanolime : a) NAN 50,000x; b) CAL 50,000x; ¢) LAQ 50,000x.

446

447  Ideally consolidation treatments should improve the physical-mechanical properties of the treated material without
448  affecting its aesthetic appearance. However, a common side effect of the use of nanolime is a whitening of the
449  surface following treatment. In order to investigate the occurrence of this phenomenon in association with the use
450  of the tested nanolimes, spectrophotometric analyses were carried out to measure changes in L* (white-black
451  parameter) and AE* (total colour variations) following treatment. AE* values < 5 are considered suitable for
452  practical conservation interventions and visually imperceptible [28]. The results (Table 5) show that all of the three
453  treatments cause whitening of the surface with both AE* and AL* values above 5. NAN vyielded the lowest
454  whitening effect (AL* = 6 and total colour alteration AE* ~ 6). CAL and LAQ caused a more significant
455  whitening effect with AL* = 7.5 and AL* ~ 11.94, respectively, and total colour change with AE* = 9 and AE* ~ 14,
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456  respectively. In previous studies, NAN and CAL vyielded chromatic alterations of about AE* =~ 6 and AE* = 4,
457  respectively [24]. The lower colloidal stability of LAQ is considered responsible for the more significant formation
458  of undesired surface whitening. Nonetheless, the observed whitening and total chromatic alterations are still lower
459  than those caused by the lime-water technique, which normally vary between AL* = 50 to 70 [9, 25].

460

461  The whitening effect and total colour changes associated with the application of nanolime decreased after the
462  samples were exposed to UV light and moisture cycles in the accelerated weathering test, with both AE* and AL*
463  decreasing below 5. This could indicate that the induced weathering dissolved a certain amount of material from
464  the surface of the samples, as also detected by the DRMS for the NAN and CAL samples. It is apparent that in the
465  case of the LAQ samples the amount of material that got dissolved from their surface during the accelerated
466  weathering test was sufficient to reduce the whitening but too small to be detected by the DRMS.

467

468

Table 5. Chromatic alterations of treated samples before and after the Accelerated Weathering Test.

AL* Aa* Ab* AE*
Treated AWT Treated AWT Treated AWT Treated AWT
NAN 6.33 (£0.20) 3.18 (£0.43) -1.48 (20.16) -0.48 (£0.20) -0.43 (£0.91) -1.96 (£0.55) 6.51 3.76
CAL 7.50 (x0.51) 2.53 (x0.90) -0.75 (x0.13) -0.37 (x0.16) -4.64 (+0.69) -0.88 (+1.15) 8.85 2.7
LAQ 11.94 (+0.96) 4.04 (+0.63) -1.25 (x0.15) -0.55 (+0.0.26) -6.96 (+1.07) -1.17 (x1.45) 13.87 4.24
Values determined on 30 measurements; AWT (Accelerated Weathering Test)
469
470

471 Conclusions

472 This study has shown that NAN, CAL and LAQ can be used effectively for the consolidation of highly porous
473  calcareous materials such as lime mortars and represent a viable alternative to organic consolidants for their
474 consolidation. It has been proven that repeated applications of low concentration dispersions of these nanolimes can
475  restore the substrate superficial cohesion, improve its mechanical properties, reduce its porosity, number of
476  micropores (10 - 100 um) and water absorption coefficient.

477

478 It has been shown that:
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The Ca(OH), nanoparticles of the three nanolimes consist of crystalline hexagonal plates with similar
shapes. However, there is a difference in size: LAQ nanoparticles are smaller than both NAN and CAL.
XRD-Rietveld refinements showed that LAQ Ca(OH), particles tend to align in a preferential direction
along the side plane {010} whereas NAN and CAL did not show any significant preferred orientation.
Nanorestore Plus® and Calosil® are stable colloidal dispersions while LAQ nanoparticles start to settle
about 2 min after agitation (sedimentation rate = 6% per h) and the 12% of the particles has settled after 2
hours. This sedimentation rate is considered acceptable for practical purposes as most of the particles
remain in colloidal state during the time of the application. However, a moderate agitation is highly
recommended before the application of this nanolime. Moreover, the application should ideally be
completed within the first 2 first minutes after the agitation, before the particles start to settle.

Nanolime particles created by anion exchange synthesis (LAQ) are the most reactive with calcite being the
only detected crystalline phase after 1 hour of air exposure. NAN particles also showed a good reactivity
with 90% of the sample being composed of calcite following the same exposure time. CAL particles
showed slower carbonation and no calcite had formed after 1 hour exposure. After 7 days both LAQ and
NAN consisted entirely of calcite, while CAL was composed approximately of 75% of calcite and 25% of
vaterite, which is a metastable phase of calcium carbonate, less stable than calcite.

During the carbonation process, NAN and CAL tend to grow mainly as hexagonal plates while LAQ
nanoparticles seem to grow preferentially through the {010} side plane. After 7 days of carbonation, LAQ
shows well-formed hexagonal calcite prismatic crystals with larger size than NAN and CAL, which
consist of calcite crystals of irregular shape. XRD-Rietveld shows the calcite crystals in LAQ are fully
oriented to {104} while the crystals in NAN and CAL have no preferred orientation.

All treatments affect the pore structure by reducing the porosity of the superficial portion of the mortar.
The reduction in porosity is attributed mainly to a reduction of the number of pores with diameter between
17um and 100um, which also decreases the capillary water absorption coefficient. Nanorestore Plus®
presented the highest reduction of the porosity and water absorption by capillarity rate.

All three nanolimes increase the drilling resistance of the mortar surface. The penetration depth of
nanolime appears to be approximately 1 cm for NAN and CAL and 0.6 cm for LAQ. NAN treated mortars

showed the highest increase in drilling resistance, which is in line with their highest reduction in porosity;
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followed by those treated with CAL and LAQ. Following an accelerated weathering test, the DRMS
detected the loss of a certain amount of material from the surface of mortars treated with NAN and CAL.
This was not observed for LAQ treated samples, possibly due to LAQ better developed crystalline
structure providing higher resistance to dissolution processes during the accelerated weathering test. The
detected loss is slightly more pronounced in Calosil® samples, possibly as a consequence of the
dissolution of metastable vaterite. A study of the calcite morphology and structural features of LAQ
nanolime must be addressed in future studies to better understand the performance of this nanolime.

e Following treatment, the samples take far more time to dry due to a finer pore structure of the mortar near
the surface. This is an undesirable behaviour which may lead to deterioration processes. Specifically,
spalling can occur where moisture is present and the mortar is exposed to freeze-thaw cycles. Furthermore,
longer drying times can favour biological growth and the dissolution of poorly crystallised calcite and
vaterite. A full study of the durability of mortars treated with the three nanolimes will be carried out in
future research.

o All treatments produced an undesired whitening of the surface after application. LAQ treatment induced
the highest whitening effect which can be attributed to the lower colloidal stability of this nanolime. The
whitening effect associated with all treatments decreases to values which are imperceptible to the naked
eye after exposing the samples to the Accelerated Weathering Test. This could indicate that a superficial
layer of the consolidated mortar was partially dissolved during the accelerated weathering test, as also
observed by DRMS. In the case of LAQ treated mortars the dissolution decreased the whitening without

causing significant thickness reduction.

One final conclusion of this study is that substrates treated with the studied nanolimes will require regular
maintenance (i.e. periodic application of nanolime) in order to achieve long term performance in terms of
mechanical and physical properties. Further work carried out by the authors has focused on the influence of the use
of different types of solvents on the performance of LAQ nanolime and a report will be submitted for publication in

due course.
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