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Abstract: The use of binders in construction dates back to antiquity, with lime-based materials
historically playing a significant role. However, the 20t century brought the widespread replacement
of lime with Portland cement (PC), for its superior mechanical strength, durability, and faster setting
time. Despite these advantages, the restoration of historic masonry structures has revealed the
incompatibility of PC with traditional materials, leading to damage due to increased brittleness,
stiffness, and reduced permeability. Consequently, lime mortars remain the preferred choice for
heritage conservation. To enhance their durability while maintaining compatibility with historic
materials, the incorporation of carbon-based nanoparticles has gained attention. This study
investigates the impact of the carbon nanotubes (CNTs) additive on two types of lime-based mortars,
calcium lime (CL) and hydraulic lime (HL), evaluating structural and mechanical properties, heat
transport characteristics, and hygric properties after modification by CNTs with the dosage of 0.1%,
0.3%, and 0.5% binder weight. Incorporation of CNTs into CL mortar resulted in an increase in
mechanical strength and slight reduction in heat transport and water absorption due to changes in
porosity. The addition of CNTs into HL mortars reduced porosity, pore size distribution, and other
depending characteristics. The utilisation of CNTs as an additive in the investigated lime-based
composites has been identified as a potentially effective approach for the reinforcement and
functionalisation of these composite materials, as they exhibited enhanced mechanical resistance
while preserving their other engineering properties, making them well-suited for use as compatible
mortars in building heritage repairs.

Keywords: hydrated lime; hydraulic lime; multiwalled carbon nanotubes; mechanical resistance;
cultural heritage; drying rate

1. Introduction

The application of binders in construction dates back to antiquity, when various materials based
on clay, gypsum, or lime were utilised. Lime, obtained by burning limestone, which was abundant
for masonry and plastering, is considered to be one of the oldest binders. However, from the early
19t and 20t century, hydraulic lime materials and Portland cement (PC) began to replace traditional
lime binders [1-3]. Since then, PC has become the most widely used binder in the construction
industry, with global production reaching billions of tons per year. In 2022, production exceeded 4
billion tons [4].

When comparing PC mortars with lime-based mortars, several significant differences can be
observed. Portland cement-based composites exhibit higher mechanical strength, corrosion
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resistance, durability, and faster setting than lime-based materials. This makes them suitable for
modern construction, where faster completion and high performance at an early age are required.
This contributed to the decline of lime mortars. However, in some specific cases, the use of lime
mortars is generally preferred. For instance, renders not only play aesthetic purposes but also a
protective role in mitigating wall deterioration. Compared to PC, lime mortars are more permeable
to water vapour. This makes traditional lime mortars more appropriate for the reconstruction of
historic buildings, where their use, e.g., in the form of a "sacrificial" layer, ensures effective moisture
regulation within the structure and consequently preventing potential damage to the original
materials [5, 6].

In the 1990s, the restoration of masonry structures commonly involved replacing the original
mortar with cement-based alternatives. Subsequent observations, however, revealed that these
alterations and repairs were not well suited to historic masonry. This is attributed to the enhanced
brittleness and stiffness of cement-based mortars, which is coupled with their reduced water vapour
permeability [7]. These properties have been demonstrated to cause substantial damage to
construction and built elements. Furthermore, the transfer of soluble salts from the cement mortar
itself to the masonry substrate accelerated the deterioration process [8,9]. Therefore, it is essential that
the restoration of historic buildings prioritizes compatibility with original materials to ensure that
the structural integrity and authenticity of historic buildings will be preserved [10, 11].

In current practice, the selection of lime mortars as the primary restoration material is often
attributed to their capacity to integrate with original inbuilt materials. This is particularly evident in
scenarios that involve the restoration of original mortar application techniques, a process that
inherently has historical and technical value. However, increasing demand for durable buildings has
necessitated the modification of materials for repair of historic buildings to enhance their longevity
while preserving their original functional properties and compatibility with existing structures. The
incorporation of nanoscale materials has been identified as a promising approach to enhance the
strength of materials and extending their lifespan.

The construction industry is increasingly focussing on the utilization of nanomaterials in
building composites because of their potential to enhance various characteristics. A broad selection
of nanomaterials is available, presenting a multitude of potential applications, including substantial
enhancements in properties such as strength, durability, and sustainability. A significant class of
nanomaterials that has attracted considerable attention is that of carbon-based nanomaterials, which
has been widely studied, particularly in the properties of Portland cement concrete. Jeevanagoudar
et al. [12] reported a 17% increase in compressive strength with the incorporation of 0.4 wt.%
multiwalled carbon nanotubes (MWCNTSs) into the material, although higher dosages led to a
reduction in performance. In the research conducted by Dalla et al. [13], a 26% strength enhancement
was observed with the incorporation of 1.0 wt% graphene nanoplatelets (GNs). Conversely, Chen et
al. [14] achieved a 28% increase using only 0.04 wt.% GNs. In the case of lime-based composites, the
research conducted by Dimou et al. [15, 16] on the properties of lime pastes-cement and natural
hydraulic lime (NHL) revealed that the incorporation of modified MWCNTs resulted in a 10.6%
enhancement in tensile strength, while the use of MgO-modified GO yielded a 20% increase in
strength. Furthermore, Faria et al. [17] reported a 12.5% improvement in NHL mortar strength with
0.1 wt.% modified graphene.

The performance of composites is influenced not only by the properties of the nanomaterials
(NMs) used, but also by their degree of dispersion within the composite, which can be complex due
to the tendency of nanoparticles to form clusters held together by weak van der Waals forces, both in
the dry state and in solutions [18]. If NMs are not uniformly dispersed, the formation of agglomerates
creates weak points of interaction that reduce the final mechanical strength; therefore, overcoming
aggregating forces is essential for proper distribution and incorporation of NMs into the material
mixture. The effectiveness of the applied nanomaterials depends on factors such as the dispersion
technique, chemical stabilisation, nanomaterial volume, and possible surface modifications. The most
commonly used dispersion techniques include high-speed homogenisation and ultrasonication [19-
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21]. The ultrasonic method uses ultrasonic waves that break apart NM clusters by disrupting their
surface layers, thereby overcoming van der Waals forces; the dispersion process can take minutes
[22], hours [23], or even days [24]. In addition to the dispersion technique, the homogeneity and
stability of the dispersion of NM can be enhanced by modifying the surface properties of the
nanoparticles and using chemical agents, such as surfactants or solvents [25].

Given the limited research on enhancing the properties of lime-based composites, this study is
focused on the evaluating the impact of incorporating carbon nanotubes (CNTs) into lime-based
mortars. The objective is to determine the most effective method for dispersing and integrating the
nanoadditive into fresh mixtures. A comprehensive series of tests was conducted to assess the
structural properties, mechanical strength, heat transfer and storage characteristics, water absorption
and ingress, as well as the drying capability of both the control and nano-enriched mortars. The
research on nanomodified mortars aims to discover promising materials with improved properties
to use as an alternative to mortars used commonly for repair of historic buildings. This approach
aims to attain optimal performance by exploiting the unique properties of carbon nanotubes, which
can significantly improve the structural integrity, mechanical strength, and durability of low-
performance lime-based mortars. Considering that cultural heritage authorities generally do not
oppose the use of carbon-based nanoparticles, the nano-enhanced lime-based composites can be used
in scenarios where the use of Portland cement is restricted. The incorporation of CNTs represents
thus a viable route to the development of high-performance lime-based mortars suitable for the
restoration and preservation of historic buildings.

2. Materials and Methods

This experimental study investigates the potential for modifying lime mortars based on lime
hydrate (CL) and hydraulic lime (HL) using carbon-based nanotubes. The paper includes a
characterisation of both types of binder, filler, as well as design of mortar mixtures. In the case of the
chosen nanoadditive, particular focus was given to the investigation of the effectiveness of several
dispersion techniques and supporting chemical agents for their homogeneous distribution during the
preparation of fresh mortar mixtures.

2.1. Materials and Sample Preparation

The studied mortars were composed of lime hydrate CL 90-S (Certovy schody a.s., Lhoist group,
Tman, Czech Republic) or hydraulic lime HL 5 (Baumit GmbH, Waldegg, Austria). As aggregate,
silica sand (Filtracni pisky s.r.o., Chlum u Doks, Czech Republic) composed of three fractions was
used. The three fractions labelled as PG1 (0-0.5 mm), PG2 (0.5-1.0 mm) and PG3 (1.0-2.0 mm) were
mixed in 1: 1: 1volume ratio to produce a filler with a total grain size of 0-2 mm. The quantity of filler
was determined based on standard mortar strength tests, with a binder-to-filler ratio of 1:3 by weight.
To ensure uniform workability across all mixtures, the quantity of batch water was adjusted so that
the spread diameter of the fresh mixture, as assessed by the flow table test, conformed to the value
of 165 + 5 mm, which is a typical criterion for repair mortars intended for manual application.

As nanoadditive, industrial grade multi-walled carbon nanotubes TNIMS8 (TimesNano,
Chengdu, China) with a diameter of 30-80 nm and maximum length 10 um were applied. Based on
sources from the literature on nanomaterial modified composites and our previous studies on the
modification of magnesia-based composites [26, 27], the incorporation of CNTs was chosen at doses
of 0.1%, 0.3% and 0.5% by weight of the binder used (mixtures labelled CNT0.1, CNTO0.3 and CNTO.5).

A similar mixing procedure was used to prepare both types of mortar. The first step was to
disperse carbon nanotubes in part of batch water mixed with surfactant Triton X-100® (Carl Roth
GmbH, Karlsruhe, Germany) and Antifoam A concentrate (Sigma-Aldrich, St. Luis, USA). in the case
of nanomodified mixtures. The method used to select the nanoparticle dispersing technique and the
chemical agents supporting the chemical agents is described in Section 3.2. The CNTs were dispersed
for 10 minutes. After dispersion, nanosuspensions were mixed with binder and the remaining batch
water using a planetary mixer (ELE International, Milton Keynes, UK) with subsequent addition of
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aggregate according to the EN 459-2 [28]. The complete composition of the prepared mortars is
presented in Table 1.

Table 1. Composition design of studied mortars (in g).

Mortar Mix Lime Hyd-rauhc Water Silica Sand CNTs Triton® Defoamer
Hydrate Lime X-100
CL-R 1500 - 1575 3 x 1500 - - -
CL-CNTO0.1 1500 - 1620 3 x 1500 1.5 1.5 0.675
CL- CNTO0.3 1500 - 1575 3 x 1500 45 4.5 2.025
CL- CNTO0.5 1500 - 1545 3 x 1500 7.5 7.5 3.375
HL-R - 1500 1015 3 x 1500 - - -
HL- CNTO0.1 - 1500 1015 3 x 1500 1.5 1.5 0.675
HL- CNTO0.3 - 1500 1015 3 x 1500 45 4.5 2.025
HL- CNTO0.5 - 1500 1015 3 x 1500 7.5 7.5 3.375

The prepared mixes were placed in plastic prismatic moulds (40 mm x 40 mm x 160 mm) and
demoulded after 48 h. The specimens were divided into two sets. One set of specimens was cured for
28 days in a climatic chamber at a temperature of T = (23 £ 2) °C and varied relative humidity (RH)
conditions, depending on the type of binder used. CL mortars were cured at a RH = (60 + 5) % to
aid in carbonation and hardening, while the relative humidity of the curing of the HL. mortars was
much higher (90 + 5) % to allow the samples to hydrate and prevent the development of drying cracks.
The second set of specimens was allowed to cure in similar conditions for 28 days and then left under
laboratory conditions at T = (23 + 2) °C and RH = (40 + 5) % for a total of 90 days.

2.2. Evaluation of the Nanoadditive Dispersion Technique

In addition to the properties of the nanomaterials themselves, the uniform distribution of the
particles in the mixture also influences the resulting properties of the nano-modified composites.
Insufficient dispersion of the nanoadditive in the composite matrix leads to the formation of clusters
held together by weak attractive van der Waals forces, resulting in the formation of weak spots,
degrading the final material properties, and insufficient utilisation of the excellent properties of NMs.
For this reason, the development of an efficient process for the preparation of carbon nanotube
dispersions is required. Among the technological methods for the dispersion of NMs selected on the
basis of studies [19-22], the method of mixing with high shear force stirrer UltraTurrax T-18 (IKA-
Werke GmbH & Co. KG, Staufen, Germany) and sonication with ultrasonic bath Elmasonic Easy 60
H (Elma Schmidbauer GmbH, Singen, Germany) were used and tested. Based on other studies [29-
31] investigating the use of chemical agents, it was decided that homogenisation will be enhanced by
adding a stabilising non-ionic surfactants polysorbate 80 (commercial name Tween® 80) and
octylphenol ethoxylate (Triton® X-100) and due to the formation and stabilisation of a foam Silicone
Antifoam solution (Antifoam A) from Sigma-Aldrich (St. Louis, MO, USA). The amount of defoamer
was measured using the foamability test [32], that is, measuring the volume of stabilised foam. The
final amount was determined to ensure that the nanosuspension did not foam, which would have
increased the total porosity of the mixture and final hardened material [33].

The degree of dispersion of the nanoadditives achieved by each technique was evaluated on the
basis of visible light absorption, which was measured using a UV/VIS instrument GENESYS 30
Visible Spectrophotometer (Thermo Scientific™, Waltham, MA, USA). The evaluation assumed that
when nanoparticles disperse in a liquid, their surface absorbs UV and visible light passing through
the liquid. As the nanoparticles became more dispersed in the suspension, more of their surface area
was exposed, and a higher level of absorption was measured at each wavelength.
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2.3. Characterization of Binders and Aggregate

The gravimetric method was used to determine the loose bulk density of all raw materials. The
specific gravity was determined by helium pycnometry using a Pycnomatic ATC apparatus (Thermo
ScientificTM, Waltham, MA, USA). The specific surface area was measured using an air permeability
test using a Blaine UTCM-0280 automatic device (UTEST, Ankara, Turkey). The chemical
composition of the binders used and that of the silica sand was determined using an ARL Quant'X
EDXREF spectrophotometer (Thermo Scientific™).

Two methods were used to analyse the particle size distribution. The choice of method depended
on the maximum particle size of the material studied. The particle size of finer binders was analysed
by a laser diffraction technique using Analyssete 22 Micro Tec plus (FRITSCH GmbH, Weimar,
Germany). For silica sand, the EN 1015-1 [34] sieving method was used as the particle size was larger.

2.4. Methods of Testing Fresh and Hardened Mortars

The workability of the fresh mortars was characterised by a flow table test according to EN 1015-
3 [35]. The mortars cured for 28 days were used to determine basic physical properties and
mechanical parameters. In addition, the characteristics of 90-days cured mortars were studied. Except
mechanical and macrostructural parameters, the tests included MIP analysis, the evaluation of heat
transfer and storage parameters, assessment of hygric characteristics and drying rate monitoring.

The basic structural characteristics of mortars that hardened in both curing regimes, 28-day and
90-day samples, were tested on 5 specimens dried in a vacuum chamber at 60 °C, until a steady state
mass was reached. The measured parameters were bulk density, specific density, and open porosity.
The measurement of the bulk density was carried out in accordance with the EN 1015-10 [36]
standard using the gravimetric method. Specific density was determined using the pycnometric
method (see Section 2.3). From the resulting bulk density and the specific density values obtained in
the previous tests, the total open porosity was calculated. In addition to the previous tests, the
samples cured for 90-days were subjected to a detailed characterisation of the porous structure by
mercury intrusion porosimetry (MIP) using Pascal MIP 140 and 440 (Thermo Scientific™)
measurement modules.

Testing of the parameters describing the mechanical strength of the tested mortars, namely
flexural strength and compressive strength, was carried out according to EN 1015-11 [37] using a FP
100 mechanical press (Heckert, Rauenstein, Germany). To determine the flexural strength, the
specimen (40 mm x 40 mm x 160 mm) was subjected to a three-point bending test with a support
distance of 100 mm. Fragments from this test were used to determine compressive strength. The
loading area in the uniaxial compressive strength test was 40 mm x 40 mm. Young’s modulus was
calculated based on the detection of the ultrasonic wave velocity as specified in EN 12504-4 [38]. The
test was carried out by an ultrasonic testing apparatus Vikasonic (Schleibinger Gerdte GmbH,
Buchbach, Germany). Prior the testing, the specimens were dried in a vacuum chamber as the
moisture presence would affect the measurement accuracy.

The thermal parameters tested were the dry thermal conductivity and the volumetric heat
capacity. Data were acquired using a TPS 1500 HotDisk instrument (HotDisk AB, Gothenburg,
Sweden). Using the capillary water absorption test [39, 40], the water absorption coefficient, the water
absorption after 24-hour immersion and the apparent water diffusivity were determined.

Table 2 shows a summary of the experimental tests that were performed on cured mortars. In
addition, it provides a comprehensive overview of the test methods that were exploited, along with
the expanded combined uncertainties of the assessment of examined material parameters.

Table 2. A summary of the experimental tests carried out on hardened mortars.

Standard
/method

Bulk density pb kg-m- 1.4 EN 1015-10 [36]

Property Symbol Unit ECU (%)
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Specific density Pm kg-m= 12 He pycnometry
EN 1015-10/Hi
Open porosity Y % 2.0 [He
pycnometry
. . Mercury intrusion
Pore size diameter dp cmd-gt - Porosinz]etry (MIP)
Average pore diameter da pm - MIP
Pore size distribution pPSD % - MIP
Flexural strength fe MPa 1.4 EN 1015-11 [37]
Compressive strength fe MPa 1.4 EN 1015-11 [37]
Young's modulus E GPa 2.3 EN 12504-4 [38]
Thermal conductivity A W-m™-K1 2.3 Transwntt pulse
technique
Transi 1
Volumetric heat capacity Cv MJ-m-3-K-1 2.3 ransient pulse

technique

Water absorption

Av  kgm2sin 23 EN 1015-18 [39]

coefficient

24-hour water absorption Wia kg-m?2 1.4 EN 1015-18 [39]
Apparent moisture K m2s1 23 EN 1015-18 [39]
diffusivity

Phase 1 drying rate D1 kg-m=2h - EN 16322 [41]
Phase 2 drying rate D> kg-m2h-1? - EN 16322 [41]
Drying index DI - - EN 16322 [41]

*ECU - expanded combined uncertainty.

The drying rate and drying index were measured on cubic samples (40 mm) cured for 90 days.
First, the specimens were completely immersed in water until they were completely saturated, then
covered on all sides with a vapour permeable film, except for one which was subjected to a controlled
environment of T = (23 + 2) °C and RH = (50 + 5) % and served as an evaporation surface. The drying
rate was calculated according to the standard EN 16322 [41] from the periodically recorded mass of
the sample.

3. Results

3.1. Characterisation of Raw Materials

As shown in Table 3, the main chemical component of both binders is CaO. High concentrations
of CaO are typical, especially for lime hydrate. Additionally, a higher content of hydraulic oxides
(510, Al20s, Fe20s) was also observed in the hydraulic lime. In the case of the aggregate used, quartz
was identified as the main component of the silica sand. Furthermore, the presence of Al:Os was also
detected.

Table 3. Results of the XRF analysis of the binders and aggregate.

Material Lime Hydrate Hydraulic Lime Silica sand
CaO 95.31 57.84 0.01
AlLOs 3.07 11.63 3.23
Si02 0.27 20.45 96.34
MgO 1.22 1.47 0.35
Fex0s 0.06 1.78 0.04
SrO 0.04 0.05 -

NiO 0.03 - -
Na20 - 2.38 -

KO - 2.32 0.01
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50s - 1.43 0.01
MnO - 0.32 -
TiO2 - 0.26 0.01
ZrO - 0.07 -

> 100.00 100.00 100.00

Table 4 shows the basic physical characteristics of the raw materials used. The lime hydrate had
a significantly higher fineness and lower loose bulk density compared to hydraulic lime. The Blaine
specific surface area of the silica sand was not measured due to its coarser character.

Table 4. Basic physical characteristics of used binders and aggregate.

Blaine Specifi
Loose Bulk Density Specific Density aine opectiic

Material Surface
.m-3 m-
(kg'm~) (kg'm~) (m*kg)
Lime hydrate 445 2228 1655
Hydraulic lime 788 2625 358
Silica sand 1671 2646 -

The particle size distribution parameters doo, dso, and dio for lime hydrate were recorded as 88.3
um, 46.3 um, and 3.7 um, respectively. Conversely, the parameters for hydraulic lime were measured
at 63.4 um, 34.7 pm, and 19.3 um. The increased porosity attributed to the loose bulk density of lime
hydrate particles, in contrast to those of hydraulic lime, is identified as the underlying factor for its
markedly higher Blaine fineness. This high porosity also rendered the comparison of particle size
distribution parameters ineffective for determining which binder exhibited greater fineness. The
granulometry curve of the silica aggregate is shown in Figure 2.

L R R AL R RARAL R EARAL R E AL
100

| —— Lime hydrate ] 10
90  — Hydraulic lime - ]

Volume (%)
[¢)] [2]
o o
T I
PR BTSN Y n X
w BN [¢)] D ~ [o¢] ©

N
Volume particle fraction (%)

0.1 1 10 100 1000
Particle size (um)

Figure 1. Particle size distribution of used binders.
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Figure 2. Granulometry curve of silica aggregate.

3.2. Dispersion Techniques

The results of the foamability test, evaluated as the quantity of defoamer (surfactant/defoamer
ratio) in relation to the volume of stabilised foam, can be seen in Figure 3, which shows the higher
efficiency of the chemical agent Triton® X-100 in forming and stabilising foam compared to Tween®
80. A significant reduction in foam amount was achieved with just 5 wt.% of defoamer. No foam
stabilisation was observed with Tween® 80 and 30 wt.% defoamer. In the case of Triton® X-100, it

was necessary to use a higher amount of defoamer, 40% by weight of surfactant, to stop the forming
of foam completely.

T T T T T T T 1
—a— Tween® 80
= 250 —=— Triton® X100 A
5
5 200 -
(0]
o
o
8 150 -
Y
(o]
o
£ 100 -
3
(®]
>
50 -
1 s 1

0 5 10 15 20 25 30 35 40 45 50
Defoamer ratio (wt.%)

Figure 3. Foam stabilisation of surfactant solutions with defoamer.

Figure 4 presents the effectiveness of the dispersion techniques that were tested for the
dispersion of CNTs in tap water and surfactant solutions. The results show that the nanosuspension
dispersion carried out by sonication supported with Triton® X-100 and defoamer achieved the highest
UV light absorbance at all wavelengths, which indicates that this method is the most effective. The
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other methods used were much less effective, in particular homogenizing using a high-shear mixer,
which was the worst no matter what chemicals were used.

3.0 T T t T y T T T T T T T
Sonication High-shear mixing
H,O —-—H,0
2.5 | —— Tween® 80+Defoamer — - — Tween® 80+Defoamer
Triton® X100+Defoamer Triton® X100+Defoamer

Absorbance (a.u.)
= N
(&)} o
I I
1 1

—_
o
T
|

[

o
o
T

350 400 450 500 550 600 650 700
Wavelength (nm)

Figure 4. UV/VIS absorption spectra of CNTs solutions.

3.2. Properties of 28-day and 90-day Hardened Mortars

Table 5 presents the basic structural properties of the mortars cured for 28 and 90 days. The
addition of CNTs in CL mortars resulted in a decrease of the 28-day bulk density and an increase in
porosity by approx. 2% (absolute value). In the case of specific density and differences between
individual modified CL mortars, the nanoadditive had only a minor effect on investigated basic
structural parameters. The differences were in most cases within the range of the uncertainty of the
measurement. As a result of the prolonged carbonation of 90 days cured lime mortars, the samples
showed a slight increase in bulk density and matrix density values followed by a distinct decrease in
porosity, as compared to 28-day samples. In case of CL mortars with CNTs, the reduction in porosity
due to the prolonged curing time was significantly higher than observed for reference material CL-R
and was ranging from 1.4% to 2.0% (absolute porosity values).

When CNTs were added to HL mortar, the bulk density increased by more than 9 % when 0.1%
and 0.3% nanoadditive dosage were added and by 8% with 0.5% dosage applied. The resulting open
porosity values of HL mortars were reduced by approximately 6 % (in absolute terms) compared to
the pure hydraulic lime sample. Only minor, quantitatively unessential differences between
structural parameters of 28-day and 90-day samples of HL mortars were recorded.

Table 5. Basic structural characteristics of hardened mortars.

Mortar Bulk Density pv Specific Density ps Porosity
(kg-m-) (kg-m?) (%)
28 Days 90 Days 28 days 90 Days 28 Days 90 Days
CL-R 1656 +23  1675+23 2545 + 31 2552+31  349=+0.7 344+07

CL-CNTO.1 1599 + 22 1618 =23 2535+ 30 2548 +31 369+0.7 35.0x0.7
CL-CNTO0.3 1617 £ 23 1659 + 23 2537 +30 2550 + 31 363+07 349=x07
CL-CNTO0.5 1601 + 22 1659 + 23 2538 +30 2549 £ 31 369+0.7 349+0.7
HL-R 1740 + 24 1754 + 25 2575+ 31 2577 £ 31 324+06 319+0.6
HL-CNTO.1 1900 + 27 1908 + 27 2578 £ 31 2599 £ 31 263+05 266+05
HL-CNTO0.3 1893 + 27 1902 + 27 2563 +31 2596 + 31 262+05 267+05
HL-CNTO0.5 1881 + 26 1902 + 27 2547 + 31 2597 + 31 262+05 26.8+05



https://doi.org/10.20944/preprints202504.2222.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 27 April 2025 d0i:10.20944/preprints202504.2222.v1

10 of 18

The effect of the addition of CNTs on the pore volume and pore size analysed with MIP is shown
in Table 6. In the case of CL mortars, the control sample had an average pore diameter of
approximately 0.2 um, and a total pore volume that exceeded 0.16 cm?g'. An increase in both
parameters was observed for all CL mortars modified with the CNT additive, which well corresponds
with macrostructural data shown above. As illustrated in Figure 5, the dashed lines represent the
cumulative pore size distribution curves, while the solid lines represent the incremental pore size
distribution curves. The figure shows that the highest pore volumes of CL mortars were recorded in
the range between 0.03 pm to 1 pum (capillary pores) and in the pore size corresponding to
mascropores (> 10 um).

Table 6. Microstructural characteristics of 90-day mortars obtained by MIP.

Total Pore Volume dp Average Pore Diameter d.
Mortar
(cm?-g) (um)
CL-R 0.165 0.197
CL-CNTO.1 0.181 0.218
CL-CNTO0.3 0.174 0.212
CL-CNTO0.5 0.180 0.219
HL-R 0.183 0.068
HL-CNTO.1 0.110 0.055
HL-CNTO0.3 0.113 0.058
HL-CNTO0.5 0.117 0.063
0.010 ——rrrrrr e rrrre——r—rrrrn 0.30
—CL-R
— CL-CNTO.1
0.008 L—— CL-CNT0.3 1 @e8

—— CL-CNTO0.5
I 4 0.20
0.006

0.15

0.004
0.10

Incremental pore volume (cm3-g'1)

0.05

Cumulative pore volume (cm3-g'1)

0.001 0.01 0.1 1 10 100
Pore diameter (um)

Figure 5. Pore size distribution of CL mortars, 90-day samples.

According to the pore size distribution demonstrated in Figure 6, an analysis of HL mortars
indicated the prevalence of comparatively smaller pores compared to those observed in CL mortars.
The majority of the pores were within the range of 0.02 um to 0.25 um. The average pore diameter of
HL-R mortar was 0.068 um and it was further reduced by the addition of CNTs into mortar mixes. It
must also be considered that compared to the control mortar HL-R, hydraulic lime mortars
containing CNTs had a significantly lower total pore volume, thus open porosity, and most of
capillary pores with diameter around 0.06 pm, which can further decrease the rate of water ingress.
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Figure 6. Pore size distribution of HL mortars, 90-day samples.

Table 7 shows the mechanical resistance of the hardened CL and HL mortars, characterised by
flexural strength, compressive strength, and dynamic modulus of elasticity. The measurement results
show that the flexural and compressive strengths of 28 days cured CL-R and CL-CNTO0.1 mortars are
identical, indicating that the 0.1% CNT addition does not significantly affect these mechanical
properties. Nevertheless, even for the lowest dosage of CNTs, the increase in mechanical strength
was observed after prolonged curing. The highest values of both flexural and compressive strength
were observed for the CL-CNT0.3 mortar. The compressive strength exhibited an approximate
increase of 30.9% for the 28-day sample and approximately 22.5% for the 90-day sample. Conversely,
the enhancement in flexural strength was minimal, showing an improvement of merely 2% in
comparison to the control sample cured for 90 days. It should be noted that for mortar CL-CNTO.5,
both the flexural strength and the compressive strength were lower than those recorded for the
control mortar, indicating a possible negative effect of the higher content of CNTs on mechanical
performance due uneven dispersion of nanoadditive.

Modification of HL mortars with CNTs resulted in an overall, and quantitatively high
improvement in mechanical parameters. Among the tested samples, HL-CNT0.3 exhibited the
highest flexural and compressive strength. Specifically, the flexural strength was increased by nearly
19%, while the compressive strength showed a significant improvement of about 65.3% compared to
the control sample. However, further increase in CNT dosage caused both parameters to decrease,
suggesting that excessive CNT content may have a detrimental effect, as in the case of CL mortars.

The elasticity modulus of Cl mortars enriched by CNTS decreased by approx. 12 %. However,
the addition of CNTs to HL mortars had more prominent effect. The elasticity modulus increased by
maximum of 16.5 % when 0.1 CNT was applied after 28 days and by nearly 18 % after 90 days of
curing. The observed results can be attributed to the excellent properties of the CNTs, as well as the
solidified structure of the HL mortar. Similarly to the results of the compressive strength test, these
properties contribute significantly to the improvement of the dynamic modulus of elasticity.

Table 7. Mechanical characteristics of hardened mortars.

Flexural Compressive Dynamic Modulus
Mortar Strength f Strength f. of Elasticity E
(MPa) (MPa) (GPa)

28 Days 90 Days 28Days 90Days 28 Days 90 Days
CL-R 0.48 +0.01 0.86+0.01  0.55+0.01 1.86 + 0.03 42+0.1 45+0.1



https://doi.org/10.20944/preprints202504.2222.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 27 April 2025

d0i:10.20944/preprints202504.2222.v1

12 of 18
CL-CNTO.1 0.48 +0.01 0.82+0.01 0.55+0.01 1.98 +0.03 3.3+0.1 3.7+0.1
CL-CNTO0.3 0.51+0.01 0.88 = 0.01 072+0.01 228+0.03 3.5+0.1 3.7+0.1
CL-CNTO0.5 0.39 +£0.01 0.77 £0.01 0.44 +0.01 1.95+£0.03 3.2+01 34+01
HL-R 2.16 £0.03 233+0.03 743+010 10.20+0.14 10.3£0.3 10.7+0.3
HL-CNTO.1 2.42+0.03 245+0.04 11.78+0.16 14.36+0.20 12.0+0.3 122+0.3
HL-CNTO0.3 2.57 £0.04 260+0.03 1228+0.17 16.79+0.24 11.9+0.3 12.1+0.3
HL-CNTO0.5 2.42 +0.03 224+0.03 11.27+0.16 14.65+0.21 11.5+£0.3 11.7+0.3

The addition of CNTs also affected the heat transfer and storage properties. As shown in Table
8, for CL mortars, the thermal conductivity and heat capacity changed slightly depending on the
CNTs dose as the CL-CNT and control samples had at 90-days almost identical total porosity.
Although both thermal conductivity and heat capacity decreased with 0.1% nanoadditive, due to the
great thermal conductivity of CNTs (2800-6000 W-m-K-?) [42] both parameters increased with higher
CNTs content in the mix. The highest thermal conductivity and heat capacity of the modified CL
mortars was recorded for 0.5 % CNT additive. In comparison to the control sample, both parameters
exhibited a slight decrease; however, this reduction was confined within the bounds of measurement
uncertainty.

For HL samples, both the thermal conductivity and the volumetric heat capacity values
increased with the increasing volume of the nanoadditive applied. The most noticeable increase in
both tested parameters was observed for CL-CNTO0.5. (approx. 15% and 22% respectively). The
variations in thermal parameters among the HL samples with varying concentrations of CNTs were
relatively minor. However, generally, an increased dosage of CNTs resulted in increased heat
transport and storage. This primary effect is attributable to a combination of reduced total porosity
of the HL mortars and the intrinsic thermal properties of the CNTs used.

Table 8. Thermal characteristics of hardened mortars.

Volumetric Heat
Thermal Conductivity A olumetric Hiea

1 6

Mortar (Wom-K-) Capacity Cvx 10

(J.m-S.K-l)
CL-R 1.125 + 0.026 1.176 £ 0.027
CL-CNTO.1 1.056 +0.024 1.153 £ 0.027
CL-CNTO0.3 1.094 +0.025 1.174 £ 0.027
CL-CNTO0.5 1.096 + 0.025 1.182 + 0.027
HL-R 1.107 £ 0.025 1.070 £ 0.025
HL-CNTO.1 1.248 + 0.029 1.312 +0.030
HL-CNTO0.3 1.252 +0.029 1.323 +£0.030
HL-CNTO0.5 1.280 + 0.029 1.362 +0.031

Table 9 and Figure 7 present the results of the water absorption rate, the 24-hour water intake
and the water absorption curves of the samples that were cured for 90 days. The water absorption
coefficient of the control CL mortar was about 0.3, which is typical for this type of mortar. In contrast,
HL mortars exhibited an absorption rate that was about 3.5 times less than that of CL mortars. This
substantial decrease in water uptake was attributable to the reduced volume of accessible capillary
pores for water transport as observed in MIP analysis and to the inherent nature of HL mortar, which
is a blend of hydraulic lime and Portland cement, resulting in an inferred lower capacity for water
movement.

A comparison of control samples of CL and HL mortars with the respective mixtures modified
with CNT revealed only minor changes in all parameters. In every instance, the difference was in the
range of the total combined uncertainty of the tests. This suggests that the inherent water transport
behaviour of both types of mortars was preserved. With respect to water transport parameters, CL-
based materials have demonstrated their suitability for the restoration of historic buildings [43].
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Table 9. Water absorption characteristics of the mortars cured for 90 days.
Mort Water Absorption Coefficient Aw 24 h Water Absorption Waz
ortar
(kg.m-z.s-l/z) (kg.m-z)
CL-R 0.31+0.01 9.40+0.13
CL-CNTO0.1 0.30+0.01 9.47+0.13
CL-CNTO0.3 0.30+0.01 9.44+0.13
CL-CNTO0.5 0.30+0.01 9.65+0.14
HL-R 0.08 £0.01 8.73+0.12
HL-CNTO0.1 0.08 £0.01 8.78+0.12
HL-CNTO0.3 0.07 +0.01 8.75+0.12
HL-CNTO0.5 0.07 +0.01 8.59 +0.12
14 ———r
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Figure 7. Capillary water absorption curves of hardened mortars, 90-day samples.

The one-dimensional drying process of 90-day mortars was represented by two phase-
dependent drying rates, designated D1 and Dz, and by the drying index (DI), evaluated from the total
duration of the drying process and the total volume of evaporated moisture. The first phase of drying
began immediately at the start of the measurement when the sample was fully saturated, and
moisture was evaporating from the saturated surface exposed to the control environment. This phase
is also referred to as constant drying rate [44], as illustrated in Figure 8A as a linear trend of moisture
desorption as a function of time (h). The first drying rate (D1) is calculated as the gradient of the linear
segment (to approx. 5 hours). The second phase is characterised by the nonlinear portion of the drying
curve. The progress of surface evaporation leads to the transition of the evaporation front into the
sample. Then evaporation consists of two components: water evaporation and moisture transport to
the material surface. To quantify this phase, the drying process of the material was plotted against
the square root of time (h'?) in Figure 8B, and the drying rate (D2) was obtained as the slope of its
linear segment.
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Figure 8. Evaporation curves of hardened mortars as a function of time (A); square root of time (B).

Table 10. The water desorption characteristics of mortars cured for 90 days.

Phase 1 Phase 2
Drying Index DI
Mortar Drying Rate D1 Drying Rate D:
(kg-m-2h) (kg-m2-h12) )

CL-R 0.36 1.57 0.15
CL-CNTO.1 0.29 1.64 0.15
CL-CNTO0.3 0.29 1.60 0.15
CL-CNTO0.5 0.31 1.75 0.14
HL-R 0.26 0.88 0.19
HL-CNTO.1 0.32 1.05 0.16
HL-CNTO0.3 0.30 1.11 0.16
HL-CNTO0.5 0.27 1.13 0.16

Although the results of the capillary water absorption study were for CL mortars almost
identical, the differences in the drying parameters were more noticeable. It was observed that in the
case of CL mortars modified with CNTs, the first-phase drying rate decreased slightly. Conversely,
an enhancement was noted in the drying rate during the second phase, suggesting an increased water
vapour permeability in the nanotube-modified CL-CNT mortars during a subsequent stage of the
drying process. It is hypothesized that this may be attributed to the slight alteration of the mortars'
porous structure due to the presence of disruptive moisture. However, the overall drying
performance characterized by DI, the value representing both volume of total moisture evaporation
and evaporation time, was identical for CL control samples and CNTs modified mortars, regardless
of the nanoadditive dosage.

Several significant differences were observed between the control mortars and the modified HL
mortars. The incorporation of CNT into the porous structure of the mortars has been shown to
accelerate the evaporation process and enhance the transport of water vapour during both phases of
the drying process. The findings of this study are consistent with those of previous research [45, 46],
particularly with respect to the observed water absorption characteristics. It is notable that the overall
drying performance presented by DI shows an enhancement compared to the HL-R sample, while
the variations between samples containing different doses of CNT were minimal, indicating that the
drying performance was primarily influenced by the presence of nanomaterials rather than their
specific dosage. In is necessary to emphasise, the higher the drying index, the more difficult it
becomes for the material to lose water to the environment [47].
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4. Conclusions

The presented study focused on the modification of lime-based mortars through the
incorporation of multi-walled carbon nanotubes. The methodology for the integration of CNTs in the
composite mixture was developed, and the effect of this nanoadditive on the structural, mechanical,
thermal, hygric, and drying properties of the hardened mortars was tested. A summary of the key
results from the conducted experiments is given below.

(I) The UV/VIS spectroscopy test and the foamability test demonstrated that the most effective
technique for producing nanosuspensions is the dispersion of nanotubes in an ultrasonic bath
with the addition of surfactant and defoamer.

(2)  The incorporation of CNTs resulted in the decreased bulk density and 2% increase in porosity
of CL mortars, with no significant impact on the specific density. In contrast, the density of HL
mortars exhibited an increase more than 9% (0.1% and 0.3% dosage) and 8% (0.5% dosage),
while open porosity showed decrease of 6% compared to the reference hydraulic lime samples.
Following a prolonged curing period, a slight increase in bulk and matrix density was observed
with a small decrease in porosity.

(8) The water absorption and drying behaviour of CL mortars exhibited no significant changes
between the control and modified mortars. The capillary water absorption of the HL mortars
was minimal, but significant differences were observed in the drying process. Nano-
modification of the HL mortars resulted in accelerated drying (evaporation) and enhanced
water vapour transfer.

(4) Inthe case of CL mortars, the thermal conductivity and volumetric heat capacity showed minor
variations due to similar porosity. In HL mortars, both parameters consistently increased with
the content CNTs, with maximum increases of 15 %, and 22 % respectively, at 0.5% CNTs
dosage. This effect was linked to the reduced porosity in HL mortars and the high thermal
conductivity of CNTs themselves.

(5)  The beneficial properties of CNTs incorporated into mortars were evident in the mechanical
strength assessment. While the 0.1% dose of CNTs exhibited minimal impact on CL mortar, the
application of a higher dose (0.3%) led to a substantial enhancement in the compressive
strength, surpassing 30% for 28-days cured samples. The modified HL mortar exhibited an
enhancement across all applied volumes. A significant effectiveness was observed when 0.3%
of CNTs was incorporated, resulting in an increase of the compressive strength exceeding 65 %
and nearly 19% improvement of the flexural strength. The extended duration of the curing
process led to an improvement in the strength parameters of all samples, resulting in the
maximum compressive strengths of 2.28 MPa (CL) and 16.79 MPa (HL) when a volume of 0.3%
CNTs was used.

Incorporation of carbon nanotubes as a nanoadditive has shown great promise in improving the
durability of mortars. The exceptional properties of CNTs contribute to the improved mechanical
strength while maintaining the original properties of the mortars, ensuring their compatibility with
traditional structures and inbuilt materials. In this regard, improvement of mechanical strength of
CL mortar, which is usually low, represent unexceptionable benefit of CNTs usage. The preservation
of compatibility of nano-reinforced mortars, along with an enhancement in performance
characteristics, is a beneficial feature for the buildings repair, ultimately prolonging their structural
integrity. Furthermore, the decreased drying index, i.e. accelerated drying, of HL mortars can be
utilised to address issues related to damp walls in historic buildings. Nonetheless, the potential
application of nanoadditives necessitates meticulous examination on a case-by-case basis to ascertain
their suitability for specific conditions. Additionally, economic factors must be evaluated to assess
their applicability and cost-effectiveness.

In conclusion, the wide variety of nanomaterials, differing in dimensions, type, and chemical
composition, necessitates careful selection and incorporation strategies when used as additives in
construction composites. Furthermore, industrial-grade nanoadditives, which may have lower
purity, may offer a similar enhancement effect and present cost advantages. Nevertheless, it is
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essential to assess their impact on material performance, as well as the specific mixing and
incorporation approach, as it directly influences the final composite performance.

Future research will be designed to explore and search other alternative methods and
nanoadditives to strengthen lime-based historic mortars, ensuring their suitability for heritage
building restoration, while enhancing their durability and mechanical properties.
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Abbreviations

The following abbreviations are used in this manuscript:

CL Calcium Lime

CNT Carbon Nanotube

GN Graphene Nanoplatelets

HL Hydraulic Lime

MWCNT  Multiwalled Carbon Nanotubes
NHL Natural Hydraulic Lime

NM Nanomaterial

PC Portland Cement
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