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Abstract 

Climate change poses an ever-increasing risk to our stone built heritage. Among conservation actions, the use of con-
solidant products is considered a possible response to this challenge, and the adoption of nanolimes has been widely 
studied showing promising results. However, while the effectiveness and method of application has been assessed, 
few studies have probed the changes in drying kinetics following treatment. In fact, a drastic alteration of the water 
transport might lead to further anomalies. This study investigates the influence of nanolimes dispersed in ethanol 
on the drying kinetics of Clipsham limestone using cavity ring-down spectroscopy. The degree of treatment was 
assessed by gravimetry, Raman spectroscopy, optical microscopy, colorimetry, optical profilometry and thin section 
analysis. Results showed an increase in the dry mass, observable colour changes and decrease in surface roughness. 
Small but reproducible increases were observed in the evaporation flux for phase I behaviour following treatment, 
however, no changes were observed in the total mass of water released or the phase II diffusivity. Determination of 
the activation energy associated with phase II drying was unchanged following treatment . These results indicate that 
following treatment there has been little-to-no change in the internal surfaces and structure of the stone to affect 
vapour transport.
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Introduction
The deterioration and conservation of stone built herit-
age is a significant area of research, especially due to 
increasing threats which accompany climate change. 
Deterioration of the stone can result in the loss of cohe-
sion, leading to powdering, flaking, blistering and other 
forms of material loss. Therefore, it is often necessary 
to apply a consolidant to restore strength and provide 
resistance to various damage mechanisms [1]. An ideal 

consolidant must be compatible with the substrate, have 
high durability and offer retreatability [2]. Therefore, it is 
unsurprising that finding a suitable consolidant can be 
extremely difficult, and a variety of materials have been 
tried.

For the consolidation of limestone, inorganic lime-
based consolidants should be preferably considered. Tra-
ditionally, limewater (an aqueous suspension of Ca(OH)2) 
was widely used due to its compatibility with the sub-
strate and high durability [2]. Consolidation of limestone 
occurs via the carbonation reaction of Ca(OH)2 in the 
presence of  CO2 resulting in the formation of  CaCO3 
[3], the main component of the limestone matrix. How-
ever, due to the limited solubility of Ca(OH)2 in water 
(1.65 g/L at 20  °C [4]), large quantities of aqueous solu-
tion are required to achieve consolidation, and this poses 
other risks such as that of freeze–thaw weathering or salt 
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migration [5]. Another drawback is the limited penetra-
tion depth of limewater, with the majority of the lime 
depositing near the surface and in some cases forming a 
white film that can be seen following application [2, 6].

The use of nanolimes—dispersions of nanometre sized 
Ca(OH)2 crystals—was proposed by Giorgi et  al. [6] in 
2000 in order to address these limitations. In their study, 
Giorgi et al. [6] compared the kinetic stability of Ca(OH)2 
dispersed in water versus propan-1-ol, and found that the 
alcohol dispersion had higher kinetic stability. The use of 
alcohol dispersions also offers the advantages of limit-
ing carbonation of the nanolimes particles by  CO2 before 
they have been deposited in the stone [2, 4], and allow-
ing a higher concentration of Ca(OH)2, e.g., commercial 
nanolime CaLoSiL (IBZ-Salzchemie GmbH & Co, Ger-
many) is available in concentrations of 50 g/L. However, 
it is important to note that the use of alcohol dispersions 
requires appropriate health and safety precautions to 
carefully control the risk to the user and the environment 
[4].

Since then, nanolimes have been widely studied [4, 
7] and the literature can broadly be divided into two 
main groups: the first group concerns the study of the 
nanolimes themselves, determining the mechanism 
of the carbonation process [8–11] as well as improv-
ing the efficacy and synthesis of nanolime [12–16]. The 
second group mostly focuses on the application of these 
nanolimes to different substrates [1, 17–25], in vari-
ous environmental conditions [5, 26, 27] and with dif-
ferent application procedures [28–32]. Within this 
second group, the compatibility and effectiveness of the 
nanolime treatment have been assessed in terms of pen-
etration depth, strength, hardness, surface cohesion, cap-
illary absorption and aesthetics. However, few studies 
have investigated the impact of nanolime treatment on 
the water drying kinetics despite reports of a decrease in 
measured porosity and accumulation of nanolimes near 
the surface [3, 21, 33–35]. If this accumulation alters the 
water transport kinetics, and as the consolidation treat-
ment is irreversible, this will result in a permanent and 
dramatic change which may result in trapped moisture 
leading to increased weathering [3].

Recently, we have developed and reported on the use 
of near-infrared continuous-wave (cw) cavity ring-down 
spectroscopy (CRDS) to monitor the release of water 
from small (ca. 25× 25× 5 mm) samples of Clipsham 
limestone [36] and a follow-up study demonstrating 
the universality of the technique when applied to differ-
ent stone samples [37]. In these experiments, the drying 
kinetics showed the expected two phase drying behaviour 
for porous materials which consists of an initial constant 
drying rate period (phase I) followed by a falling drying 
rate period (phase II) [38, 39]. During phase I, the rate 

of evaporation is controlled by the concentration gradi-
ent between the surface and the gas above. The pores at 
the surface are supplied by water by flow through con-
nected pathways, and the gas at the surface is fully sat-
urated leading to a constant rate of evaporation. As the 
drying proceeds further, disconnected pathways begin 
to form within the material, decreasing the surface water 
content and resulting in the gas at the surface becoming 
unsaturated. Eventually, the unsaturated capillary flow is 
no longer sufficient to maintain a constant rate of evap-
oration and phase II drying begins. Vapour transport 
through the material now dominates, and is controlled by 
the internal structure and properties of the material.

We have also demonstrated that, using this technique, 
the influence of temperature on the drying kinetics can 
be investigated [37]. We have shown that the phase II 
diffusivity increases with temperature, allowing deter-
mination of an activation energy which characterises 
the surface interactions that occur during the diffusion 
of water through the porous stone. We have previously 
determined that for Clipsham limestone the activation 
energy for phase II diffusivity is 31.87± 1.79 kJ mol−1 
[37], which is lower than the enthalpy of vaporisation 
from liquid water. Previous research has suggested that 
this decrease could be due to varying surface roughness 
[40].

The aim of this study is to use this highly sensitive 
technique to study the influence of ethanol dispersed 
nanolime treatments on the drying kinetics of Clipsham 
limestone. Studies are conducted at a variety of tem-
peratures to determine if treatment has an impact on 
the phase II activation energy. The degree of treatment 
is assessed by gravimetry, Raman spectroscopy, optical 
microscopy, colorimetry, optical profilometry and thin 
section analysis.

Materials and methods
Stone type: Clipsham limestone
This work focuses on the treatment of Clipsham lime-
stone, a commonly used construction [41] and repair 
[42, 43] stone. It is a coarse grained ooidal and shell frag-
mental grainstone with occasional herringbone cross-
bedding (Fig.  1a, C0), originating from the Lincolnshire 
Limestone Formation (Middle Jurassic, Bajocian) [44, 
45]. It has a broad unimodal pore size distribution with a 
open porosity of 20.16 % and peak pore diameter of 0.84 
µ m, as shown in Fig.  1b. A full characterisation of this 
limestone can be found in our previous research [36, 37].

Previous research on different limestones, such as 
Maastricht [1, 33, 46, 47], Lecce [18], Doulting [31] and 
Migné [47], has reported that treatment with alcohol dis-
persed nanolimes results in limited penetration, and due 
to back-migration of the nanoparticles during solvent 



Page 3 of 14Browne et al. Heritage Science          (2023) 11:114  

evaporation, the nanolime is mostly found at distances 
less than 1 cm from the drying face [4, 32]. To ensure full 
treatment of the sample, as well as allow relatively fast 
drying experiments, the dimensions of the sample were 
cut to ca. 25× 25× 5 mm; eight replicate samples were 
investigated.

Consolidant and application procedure
The influence of treatment on the drying kinetics was 
investigated at two different concentrations. Commer-
cially available nanolime CaLoSiL E25 (IBZ-Salzchemie 
GmbH & Co, Germany) was selected due to its preva-
lence in nanolime research [10, 12, 16, 17, 20, 21, 30]. 
CaLoSiL E25 (E25 hereinafter) is a colloidal dispersion 
of Ca(OH)2 nanoparticles in ethanol at a concentra-
tion of 25 g/L, with a particle size distribution reported 
between 50 and 300 nm, as shown in Fig.  1b, which is 
in agreement with literature values [48, 49]. The applied 
suspension was well within its shelf-life and the ethanol 
solvent is known to promote kinetic stability [9, 46, 47]. 
However, general consensus and advice for conservation 
practice promotes initially using lower concentrations of 
alcohol dispersed nanolimes (e.g., 5 or 10 g/L), in order 
to prevent the formation of  a white haze and improve 
penetration into the sample [4, 29, 50]. Therefore, a sec-
ond concentration of 5 g/L (E5 hereinafter) was obtained 
by diluting one part E25 with four parts ethanol (Sigma 
Aldrich, p.a. > 99.8 %). To mitigate the Ca-alkoxide con-
version, the nanolimes were stored in a refrigerator (T 
≈ 5 ◦C ) before and between treatments [9, 10, 31].

Samples were treated by full immersion, and weighed 
in 5 min intervals using a KERN PLS 420–3F mass bal-
ance (max. 420 g, δ = 0.001 g). The samples were wiped 
with a solvent dampened cloth to remove excess consol-
idant and prevent whitening [17, 21, 31, 34]. The treat-
ment was carried out for a total period of 60  min to 
ensure saturation of the sample was achieved, i.e., when 
the weight of the sample reached a constant value. The 
procedure was repeated every 24  h when the samples 
were dry, for a total period of 5 days. Following this, to 
ensure carbonation of the nanolimes, the samples were 
stored in an environmental chamber (Binder KBF 115) at 
T = 20 °C, % RH = 75 for 28 days [4, 9, 26, 29, 48]. Four 
samples were treated at each concentration to investigate 
reproducibility.

Characterisation of consolidants and their impacts
To assess application and carbonation of the treatment, 
Raman spectra were taken in the range 50 – 1500 cm−1 
using a Thermo Scientific DXR3 SmartRaman spectrom-
eter at 785 nm. The laser output power was 5 mW with 
a spot size of 3.1 µ m. Raman spectra were taken weekly 
during the carbonation period and each spectrum was 

taken from an average of 500 scans with a resolution of 
2.3 cm−1.

Optical microscopy was performed using a Dino-Lite 
Edge (AM7915MZT) digital microscope to evaluate 
the surface of the material and observe the presence of 
deposits. Colorimetric measurements were carried out 
using a Konica Minolta CM-700d spectrophotometer, 
using a D65 illuminant, 10° observer angle, and a 3 mm 
spot diameter. Measurements were taken on both the 
top and bottom surface of the samples, with 20 measure-
ments per face. The aesthetic changes were determined 
using CIELAB colour space [51] and the global colour 
change was calculated using:

where �L∗ is the change in lightness, �a∗ is associated 
with changes in red–green hues and �b∗ is associated 
with changes in blue–yellow hues compared with a con-
trol (untreated) sample group.

Surface roughness measurements were taken on the 
top and bottom face of the samples following the 28 day 
curing period and compared with the surface roughness 
for control samples, measured using the same method, 
to assess the accumulation of the nanolime product. The 
changes in surface roughness were measured using an 
Innowep TRACEiT optical profilometer, which creates 
a 3D-topographical map of the surface. Measurements 
are taken over a 5× 5 mm area, with a resolution of 3 
µ m horizontally (xy-axes) and 1.5 µ m vertically (z-axis) 
[52]. An average of 1536 transects in the x- and y-axes are 
used to determine the arithmetic average height param-
eter, Ra , across the measuring area [53].

To examine the stone petrology, thin sections of a con-
trol  sample, E5 sample and E25 sample  were prepared 
according to BS EN 12407:2007 [54] to 30 µ m thick-
ness and protected with a slide cover. The samples were 
impregnated with resin to prevent disintegration and 
dyed blue to help discriminate pores from the stone 
matrix. Samples were characterised using polarised light 
microscopy using an Olympus BX43 microscope with 
LED light source equipped with Olympus SC50 cam-
era. In addition, scanning electron microscopy images 
of exemplar control and treated samples were obtained 
using a scanning electron microscope (JEOL JSM6010). 
The samples were sputter coated with carbon. These 
images are provided in the Additional file 1.

Cavity ring‑down spectroscopy
Molecules absorb light at different frequencies due to 
their unique sets of quantum mechanical energy lev-
els. Therefore, a molecule of interest can be selectively 
excited by choosing light at a specific frequency and its 

(1)�E∗
ab =

√

�L∗ +�a∗ +�b∗
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concentration can be quantified by measuring the attenu-
ation in light intensity after said radiation has passed 
through the absorbing sample. The Beer–Lambert law, 
Itr = I0 exp[−α(ν)d] , gives the relationship between the 
initial light intensity, I0 , and the transmitted light inten-
sity, Itr , at frequency ν , where α(ν) is the absorption 
coefficient and d is the path length over which the light 
is absorbed. The absorption coefficient is related to the 
number density, N, by α(ν) = Nσ(ν) , where σ(ν) is the 
species dependent absorption cross-section. Therefore, 
absolute number densities can be determined by absorp-
tion measurements.

Increasing the path length, d, over which the light 
interacts with the sample allows smaller values of α(ν) 
to be measured, and therefore, increases the sensitivity 
of the absorption measurement. Cavity ring-down spec-
troscopy (CRDS) achieves this increase in path length by 
trapping the light between two highly reflective mirrors 
(the cavity) [55–59] and monitoring the light intensity 
leaking out of the cavity (after the light has been switched 
off; or the cavity is no longer illuminated). The time 
taken for the intensity to fall to 1/e of its original value 
is recorded, and is known as the ring-down time, τ0 . In 
the presence of an absorbing species, the rate of decay is 
faster as there is an additional loss mechanism, and the 
decay time is reduced, resulting in a different ring-down 
time, τ . The absorption coefficient can be determined 
from the difference in the reciprocals of the ring-down 
times:

where c is the speed of light, and thus, allows the number 
density of the species of interest to be determined.

A schematic of the near-IR CRDS instrument used 
in this work is shown in Fig. 2, and a full description of 
the theory and instrument can be found in Browne et al. 
[36]. The optical cavity is formed using two highly reflec-
tive mirrors (Layertec, R ≈ 0.9999 , radius of curvature 
= 1 m), placed 86 cm apart. The cavity is excited using a 
continuous wave (cw) fibre-coupled distributed feedback 
diode laser (NTT Electronics NLK1S5GAAA, � = 1506 
nm). A temperature controlled (range = 10 −  50 ◦C , 
δ = 0.1 °C ) insulated stainless steel chamber ( 13× 7× 8 
cm), which is separated from the cavity by a valve, is used 
to control the environment the stone samples are tested 
under. The experiments were carried out in a  N2 (BOC 
Oxygen Free Nitrogen, 99.998 %) gas flow, controlled 
with calibrated mass flow controllers (MKS 1479A Mass-
Flo and MKS PR4000B-S).

The same experimental procedure described in Browne 
et al. [36, 37] is used. Briefly, for the reproducibility meas-
urements, the sample chamber is set to 25 °C (determined 

(2)α(ν) =
1

c

(

1

τ
−

1

τ0

)

using a calibrated thermocouple) and left undisturbed for 
30 min to ensure equilibrium is reached. The samples are 
immersed in distilled water for 2 days to ensure they are 
fully saturated, and their wet mass, mw , is recorded before 
being placed in the sample chamber. The valve to the main 
cavity is opened and a constant flow of 1.5 standard litres 
per minute (slm) dry  N2 is  passed over the sample (gas 
velocity ≃ 7× 10−3 m s −1 ). The laser is tuned to the cen-
tre of the  H2O 10, 3, 7(021) ← 11, 3, 8(000) transition at 
6638.91 cm−1 [60] and the average ring-down time (RDT) 
of ten ring-down events is continuously measured. The 
procedure is stopped when the measured RDT returns to 
τ0 and the dry mass of the sample, md , is then recorded. 
Measurements were taken before and after treatment and 
the 28 day curing period to allow the changes in drying 
kinetics to be fully probed. For the investigation into the 
influence of temperature, the temperature of the sample 
chamber is changed from 20 − 40 °C in 5 °C steps, and the 
rest of the procedure remains the same.

Analysis of the drying kinetics
A complete description of the analysis can be found in 
Browne et  al. [36]. Following the procedure described 
above, the time-dependent release of water can be deter-
mined from the measured ring-down times. Using Eq. 2, 
the absorption coefficient, α(ν) , is calculated and from 
this, the concentration, N, can be determined using 
α(ν) = Nσ(ν) . The concentration is related to the mass 
of water released from the sample by:

where f is the volumetric flow rate, Mr(H2O) = 0.018 kg 
mol−1 and NA is Avogadro’s number. The normalised 
mass difference, �mn , is defined as:

while the mass flux, ṁ(t) is calculated by:

where A is the surface area of the top face of the sample. 
The time at which phase I ends is denoted as the critical 
time, tc , and is determined as the intercept between two 
tangents fitted to phase I and II time periods in ṁ(t) . This 
is achieved via an iterative procedure, in which the inter-
cept is set as the upper limit for the phase I linear fit, and 
the process repeated until a constant tc results. An initial 
period in which the stone sample comes into equilibrium 
with the environmental chamber is observed in the mass 
flux, and this period (approximately 10 min) is excluded 

(3)mH2O(t) =
fMr

NA

∫ t

0

Ndt

(4)�mn =
mH2O(∞)−mH2O(t)

md

(5)ṁ(t) =
1

A

dmH2O(t)

dt
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in the determination of the critical time and the constant 
mass flux, ṁCST.

In phase II, the capillary flow is insufficient to maintain 
the constant rate of evaporation found in phase I, and 
the dominant transport mechanism occurs via vapour 
transport. Thus, the drying in this phase can be charac-
terised by a diffusivity parameter, DII , which originates 
from Fick’s second law, (∂C/∂t) = DII(∂C/∂x) . Assuming 
a uniform distribution of moisture through the porous 
sample, and integrating over the sample thickness, L, 
results in the following solution [61]:

When the sample has entered the later stages of drying, 
and the moisture content has fallen below 40 %, only the 
first term of Eq.  6 needs to be considered [62], and DII 
can be determined from the following linear relationship:

(6)

mH2O(t)

mH2O(∞)
= 1−

∞
∑

n=0

8

(2n+ 1)2π2
exp

{

−DII(2n+ 1)2π2t

4L2

}

(7)ln

(

1−
mH2O(t)

mH2O(∞)

)

− ln

(

8

π2

)

= −
DIIπ

2t

4L2

Table 1 Characterisation of treatment with E5 and E25 for different samples C1–C8

�md : dry mass difference;�md

V
 : mass difference per unit volume; �L

∗ : change in lightness; �a
∗ : change in red–green hues; �b

∗ : change in blue–yellow hues; �E
∗
ab

 : 
global colour change calculated using equation 1; Ra:mean surface roughness

Sample �md / g �md

V
 / kg m −3 �L

∗ �a
∗ �b

∗ �E
∗

ab
Ra / µm

E5 C1 −0.001 ±0.001 −0.45 ±0.45 1.71± 2.33 
0.52± 2.24

−0.62± 0.82 
−0.43± 0.83

1.25± 2.69 
1.70± 2.60

2.21± 2.37 
1.81± 2.54

2.63± 0.29 
2.30± 0.17

C2 0.008 ±0.001 2.39 ±0.30 2.40± 2.35 
2.61± 2.41

−0.48± 0.78 
−0.43± 0.84

−2.06± 2.27 
−1.90± 2.65

3.20± 2.29 
3.25± 2.48

2.78± 0.14 
2.61± 0.06

C3 0.002 ±0.001 0.62 ±0.31 5.07± 2.28 
4.93± 2.43

−1.25± 0.77 
−1.20± 0.73

−4.40± 2.34 
−4.09± 2.35

6.83± 2.27 
6.52± 2.36

2.28± 0.05 
1.83± 0.11

C4 −0.001 ±0.001 −0.28 ±0.28 0.18± 2.48 
1.47± 2.28

−0.49± 0.88 
−0.72± 0.91

−4.25± 2.71 
−4.26± 2.66

4.28± 2.70 
4.56± 2.59

2.21± 0.06 
1.88± 0.08

E25 C5 0.006 ±0.001 2.56 ±0.43 2.75± 2.19 
1.51± 2.42

−0.99± 0.79 
−0.77± 0.83

−1.27± 2.55 
−0.95± 2.47

3.19± 2.16 
1.94± 2.26

2.64± 0.16 
3.25± 0.29

C6 0.010 ±0.001 2.92 ±0.29 4.87± 3.96 
5.35± 2.42

−1.21± 1.09 
−1.11± 0.83

−4.89± 2.55 
−4.90± 2.47

7.00± 3.45 
7.34± 2.26

1.97± 0.09 
2.41± 0.08

C7 0.017 ±0.001 4.88 ±0.29 7.38± 3.11 
6.23± 3.07

−1.76± 0.82 
−1.60± 0.86

−5.95± 2.44 
−5.41± 2.48

9.64± 2.82 
8.40± 2.78

2.60± 0.14 
1.86± 0.01

C8 0.032 ±0.001 8.27 ±0.26 11.70± 2.28 
11.67± 2.34

−2.87± 0.76 
−2.85± 0.81

−12.93± 2.21 
−12.87± 2.29

17.67± 2.21 
17.60± 2.29

1.67± 0.03 
1.26± 0.21

Fig. 1 a Optical microphotograph for a control sample (C0); b Left hand axis (red): Particle size distribution of CaLoSiL E25 (IBZ-Salzchemie GmbH & 
Co, Germany), provided by the manufacturer; Right hand axis (blue): Pore size distribution for Clipsham limestone, obtained by mercury intrusion 
porosimetry by the British Geological Survey
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To ensure that only the first term of Eq. 6 applies, the lin-
ear fit for DII is taken between 10–30 % saturation.

As previously stated, the phase II diffusivity increases 
with temperature and can be characterised by an activa-
tion energy, Ea , assuming an Arrhenius type relationship:

where D0 is a temperature-independent pre-exponential 
factor, R is the gas constant and T the absolute tempera-
ture. Thus, the activation energy, Ea can be determined 
from the gradient of a linear fit of ln(DII ) against 1/T .

(8)lnDII(T ) = lnD0 −
Ea

RT

Results and discussion
Characterisation of the treatment
The amount of nanolime absorbed by each sample as a 
result of treatment has been estimated as the difference in 
dry mass ( �md ) before and after the 28 day curing period 
at T = 20 ◦C and 75 % RH. The results for the different 
samples are reported in Table  1, and in general show 
that although there was clear absorption of the consoli-
dant, a change in dry mass of a few tens of mg at most is 
observed (1–10 mg is typical) which is of similar magni-
tude to that reported by others [21, 31, 33]. As expected, 
the samples treated with E25 show a larger �md in 
comparison to those treated with E5 due to the higher 

Fig. 2 A depiction of the experimental set-up used to measure  H2O released from limestone. The sample is placed in a temperature controlled cell 
separate from the cavity ring-down spectrometer. mfc mass flow controller; AOM acousto-optic modulator; PD photo-detector; amp amplifier; PC 
DAQ data acquisition system
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concentration of Ca(OH)2 present in the E25. Assum-
ing complete conversion of Ca(OH)2 to  CaCO3, the �md 
values observed would be equivalent to a few monolayers 
of  CaCO3 and therefore, would not be expected to have 
resulted in large changes in the internal pore structure.

As stated previously, Raman spectra were taken weekly 
during the carbonation period, and the results are shown 
in Fig. 3. The Raman spectra show the presence of  CaCO3 
bands at 1088  cm−1 (symmetric stretching vibration ν1
[CO2−

3 ]), 711 cm−1 (in-plane bending vibrations ν4[CO2−
3

]), 281  cm−1 (Ca–O lattice vibrations) and 154  cm−1 
(Ca–O lattice vibrations) [63], but do not show the initial 
presence of the Ca(OH)2 band at 359 cm−1 (Ca–O lattice 
vibrations) and its subsequent decrease, e.g., as reported 
by Becerra et  al. [35]. We note, however, that Becerra 
et  al. [35] investigated Ca(OH)2 nanoparticles doped 
with ZnO quantum dots, which may have an influence 
on the efficacy of the Raman scattering measured. From 
the Raman spectra we measured, there is no evidence of 

consolidant on the surface, and thus, we are unable to use 
this to evaluate the extent of the carbonation process.

Figure  4a shows the optical microphotographs for a 
control sample (C0), the samples treated with E5 (C1–
C4) and those treated with E25 (C5–C8) following the 
carbonation process. From Fig.  4a, deposits of consoli-
dant on the surface can be seen and visual observations 
confirm whitening of the samples following application, 
with a greater change observed for the E25 samples.

Examination of the thin section microphotographs 
shown in Fig.  4b shows that there is no distinguishable 
difference between the control, E5 sample and E25 sam-
ple. A similar conclusion holds for the SEM images (see 
Additional file 1: Fig. S1). All samples consist of a sparite 
matrix containing micrite ooids and bioclasts with a 
calcite rind. The samples show that porosity is formed 
both in the ooids and the matrix. It is unsurprising that 
the nanolime deposits are unable to be distinguished in 
the thin sections as the average size of the nanoparticles 

Fig. 3 Raman spectra of the top and bottom limestone surface untreated and treated with E5 (C1) and E25 (C5), following each week of curing at T 
= 20 °C, % RH = 75
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found in CaLoSiL are between 50 and 300 nm, and for 
such small changes in mass as reported in Table 1, would 
be undetectable under an optical microscope.

Table  1 reports the colorimetric changes of the top 
and bottom faces of the samples following treatment 
and carbonation, and the results are displayed in Fig. 5a. 
The average colour values of 5 control samples (top and 
bottom faces) were taken as the reference L∗a∗b∗ val-
ues for Eq. 1. Figure 5a shows good agreement between 
�E∗

ab for the top and bottom faces of the treated samples, 

indicating full immersion has resulted in even treat-
ment to both large surfaces of the sample. The inter-
sample variation for the control group is 1.89, indicating 
that all changes reported in Table 1 are likely the result 
of treatment. In conservation, colour changes are often 
assessed in comparison to an observable colour change, 
the threshold of which for an untrained observer is 
�E∗

ab > 3.5 [64]. Using this limit, it can be seen that two 
E5 samples (C3 and C4) and three E25 samples (C6–C8) 
exhibit observable colour changes. The average �E∗

ab for 

Fig. 4 a Optical microscopy results for a control sample (C0), the samples treated with E5 (C1–C4) and those treated with E25 (C5–C8) following the 
28 day curing period at T = 20 °C, % RH = 75. The red circles  indicate areas of nanolime deposits. b Plane polarised light microphotographs of 
a control (C0), E5 sample (C4) and E25 sample (C8) after 28 day curing period at T = 20 °C, % RH = 75. The samples were impregnated with resin to 
prevent disintegration and dyed blue to help discriminate pores from the stone matrix
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samples treated with E5 is 4.08± 1.73 , and for E25 is 
9.10± 5.48 , thus, on average both concentrations result 
in observable colour changes, with the higher concentra-
tion of nanolime (unsurprisingly) resulting in a greater 
change. Analysis of the �L∗ , �a∗ and �b∗ values show 
that the majority of samples experienced an increase in 
lightness, and a negative shift in �a∗ and �b∗ towards 
neutral, which can be interpreted as an indication of the 
commonly reported whitening of samples [3, 21, 32, 46].

The mean surface roughness values, Ra , for the samples 
are reported in Table 1, and are shown in comparison to 
the control group in Fig. 5b. The average Ra for the con-
trol samples is 2.77 ± 0.58 µ m, while for E5 is 2.31 ± 0.33 
µ m and E25 is 2.20 ± 0.59 µ m. A two-sample t-test on 
the sample groups was performed to compare the con-
trol group and the two treatment groups to determine 
the probability, p, of the likelihood of the null hypothesis 
explaining the variability. The decrease in mean surface 
roughness for both the E5 samples and E25 samples are 
approaching significance at the 2 σ level in comparison 
with the control group (p[E5] = 0.077; p[E25] = 0.072), 
but are not significantly different from each other (p = 
0.681). While this suggests that there has been a decrease 
in surface roughness following treatment, possibly due to 
accumulation of the nanolime product [26], we note that 
the resolution of the measurement is limited to 1.5 µ m 
[52], and therefore, we should be cautious not to over-
interpret these results.

Sample variation and reproducibility of the drying kinetics
The variation between the drying kinetics of the differ-
ent samples, before and after treatment, and the repro-
ducibility in the experimental procedure and application 
method, was assessed using four repeats for each concen-
tration. Figure  6 shows how the drying kinetic parame-
ters changed following treatment with E5 and E25 (a full 
report of the parameters can be found in the Additional 
file  1: Tables S1 and S2). As expected, despite the same 
experimental procedure being used for all samples, there 
is sample variation in the drying kinetics parameters due 
to natural variation in the pore distributions within sam-
ples, which will result in different amounts of water being 
absorbed, altering the length of phase I ( tc).

The results for the drying kinetics parameters following 
treatment, for both E5 and E25, show good agreement 
with the untreated samples in terms of mH2O(∞ ), tc and 
DII, and two-sample t-tests show that there is no statisti-
cally significant change in these quantities (p[mH2O(∞ )] 
= 0.940; p[tc ] = 0.642; p[DII] = 0.903). This indicates that 
although there is some observed surface nanolime depos-
its (Fig. 4a), it does not contribute significant aggregation 
or accumulation of nanoparticles capable of blocking 
pore access. However, Fig. 6c shows there is clear increase 
in ṁCST following treatment, and a two-sample t-test 
shows that the difference in distributions is approaching 
significance at the 2 σ level (p[ṁCST] = 0.054). As stated 
previously, the phase I rate of evaporation is controlled 
by the concentration gradient between the surface and 
the gas above. This increase in ṁCST may be due to subtle 

Fig. 5 Box plots showing a the global colour change, �E
∗
ab

 , for samples treated with E5 and E25; b the arithmetic average height parameter, Ra , 
for control samples, E5 samples and E25 samples; Measurements from the top face are shown in red circles  and the bottom face are shown in 
blue squares , with outliers represented by hollow symbols . The box represents the interquartile range (25th–75th percentiles) and the 
whiskers are determined by the 5th and 95th percentiles. The median is represented by the horizontal line while the mean is indicated by ×
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changes in the nano- and micro-morphology to which 
the TRACEiT measurements are not sensitive.

It would be expected that as mH2O(∞ ) remains con-
stant while ṁCST increases, then tc should decrease. 
That tc does not show a significant change may be a 

result of the subjective nature of its determination and 
the significant influence that inter- and intra-heteroge-
neity has on this parameter (i.e., this change to phase 
II will not occur at the same time throughout the sam-
ple). In itself, tc may be a relatively crude indicator of 

Fig. 6 Box plots showing a the mass of water released, mH2O
(∞ ), for untreated and treated samples; b the critical time, tc , for untreated and 

treated samples; c the constant mass flux, ṁCST, for untreated and treated samples; d the phase II diffusivity, DII, for untreated and treated samples; 
Measurements for untreated samples are shown in black diamonds ( � ), samples treated with E5 are shown in blue squares  and samples treated 
with E25 are shown in red circles . The box represents the interquartile range (25th–75th percentiles) and the whiskers are determined by the 
5th and 95th percentiles. The median is represented by the horizontal line while the mean is indicated by ×
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changes in the water transport kinetics as the drying 
process transitions from phase I to phase II.

Despite the variations in the phase I behaviour, the 
phase II diffusivities are in good agreement pre- and post-
treatment. The phase II behaviour, as previously stated, is 
dominated by vapour transport within the material and is 
dependent on the internal structure and properties. Thus, 
these results indicate that there is little-to-no change in 
the internal surfaces and structure of the stone following 
treatment that affects vapour transport. One sample, C8, 
shows a marked increase in �md and �E∗

ab upon treat-
ment and this is perhaps due to a higher surface deposi-
tion compared with the other samples. Despite this, there 
has been no impact on the ability of this sample to take 
up water, and its drying kinetics are in line with the other 
samples. The reasons for this potential deposition are 
unclear, although we note, visibly this sample seems to 
possess some large scale (100 µ m) surface features (also 
seen in Fig. 4b) and so may be a morphological outlier, at 
least compared with the other samples.      

Temperature dependence of the drying kinetics
To further investigate if treatment has an impact on the 
internal surfaces and structure, we investigated the tem-
perature dependence of the drying kinetics pre- and post-
treatment to determine the phase II activation energy. 
The results of this investigation are shown in Fig. 7, and a 
full report of the parameters is available in the Additional 
file 1: Tables S3 and S4.

Comparison of Fig.  7a–d, show that there is good 
agreement between the drying kinetics pre- and post-
treatment. As the temperature increases, there is an 
increase in the rate of evaporation ( ṁCST) due to the 
increase in the concentration gradient between the 
surface and the environment, and this results in a 
decrease in the critical time ( tc ). Figure 7e and f show 
plots of ln(DII) against 1/T  for samples pre- and post-
treatment with E5 and E25, respectively, and the acti-
vation energy is determined from the gradient of the 
linear fits. From Fig.  7e, Ea(untreated) = 30.30± 0.60 
kJ mol−1 and Ea(E5) = 30.00± 0.71 kJ mol−1 , and from 
Fig.  7f Ea(untreated) = 30.31± 2.07 kJ mol−1 and Ea
(E25) = 30.77± 1.00 kJ mol−1 . We note that from 
Fig. 7e and f it can be seen that the phase II diffusivi-
ties are in good agreement pre- and post-treatment, as 
found in the sample variation study. We also note that 
although the phase II diffusivities are calculated from 
the gradient of a linear fit using Eq. 7 between 10 and 
30 % saturation, good agreement in plots of Eq.  7 is 
observed to very low water saturation levels ( < 0.01% ). 

This result, supported by the sample variation phase II 
diffusivity measurements, indicates that for Clipsham 
limestone treated with ethanol dispersed nanolimes by 
full immersion, independent of the concentration, there 
is no significant change in the internal surface prop-
erties that would lead to different phase II behaviour. 
This preliminary result is promising as it suggests that 
the treatment is compatible in terms of water transport 
kinetics and will not result in trapped moisture and 
salts, leading to increased weathering. However, further 
investigation concerning the relationship between con-
solidation effectiveness and water transport kinetics is 
required.

Conclusions
In this article, we have investigated the impact of etha-
nol dispersed nanolime treatments by full immersion at 
two different concentrations on the drying kinetics of 
Clipsham limestone, and investigated the variations in 
these kinetics under different temperatures. We have 
determined that treatment of the samples did occur as 
signified by changes in the dry mass and observable col-
our. This treatment did not result in significant changes 
in the mass of water released, the time for phase I to 
end, or the phase II diffusivity, but did result in a small 
but statistically significant increase to the phase I con-
stant mass flux. Further investigation into the phase II 
activation energies shows that the post-treatment val-
ues are in good agreement with those found pre-treat-
ment, and are in the range previously observed [37, 65, 
66].

Further work into the drying kinetics of weathered 
samples, such as those commonly found in the need 
of treatment, and investigations into the impact of 
consolidants on their drying kinetics is required. This 
work has focused on treatment using ethanol dispersed 
nanolimes applied by full immersion, however, there 
are many different application procedures, e.g., brush-
ing, spraying, which may result in different distribu-
tions and penetration depths of nanoparticles within 
the material, and the impact of which on drying kinet-
ics requires further study. Additionally, there are alter-
native treatments commonly applied in conservation 
and in retrofitting, for example, water repellent treat-
ments, which are also an area of interest for future 
investigations. Cavity ring-down spectroscopy can also 
monitor other species of interest, such as key agents of 
deterioration e.g.,  SO2 or  CO2, allowing investigations 
into the weathering mechanisms to be carried out.
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Fig. 7 A plot of the  H2O mass flux, ṁ , as a function of time with increasing temperature for two Clipsham samples of ca. 25× 25× 5 mm a sample 
C1 untreated; b sample C1 treated with E5; c sample C5 untreated; d sample C5 treated with E25. A plot of ln(DII) against 1/T  based on an Arrhenius 
relationship between phase II diffusivity and temperature for e pre- and post-treatment with E5; f pre- and post-treatment with E25 
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Abbreviations
AOM  Acousto-optic modulator
amp  Amplifier
CRDS  Cavity ring-down spectroscopy
cw  Continuous wave
IR  Infrared
mfc  Mass flow controller
PC DAQ  Data acquisition system
PD  Photo-detector
RDT  Ring-down time
RH  Relative humidity
slm  Standard litres per minute
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