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The microstructure evolution of lime putty upon aging was investigated by slaking quicklime (CaO)
with an excess of water for 3, 12, 24, 36, 48 and 66 months.

The as-obtained lime putties were characterized in the water retention and in the particle size
distribution using the static laser scattering (SLS). The same lime putties, dehydrated by lyophilization,
were also investigated in the pore size distribution by mercury intrusion porosimetry, in the surface
area by the BET method and, finally, in particle morphology by scanning electron microscopy (SEM).

The effect of the extended exposure of quicklime to water confirms a shape change from prismatic
crystals of portlandite, Ca(OH),, into platelike ones. Simultaneously a growth of larger hexagonal
crystals at the expense of the smallest ones (Ostwald ripening) favours a secondary precipitation of
submicrometer platelike crystals of portlandite. The shape change and the broader particles size
distribution of portlandite crystals upon aging seem to contribute to a better plasticity of lime putty.

B1. Calcium hydroxide

© 2010 Elsevier B.V. All rights reserved.

1. Introduction

Over the last decades, there is a return of lime binders for
plasters and mortars as the materials of choice for the conserva-
tion of historical and architectural structures [1-5]. To some
extent, lime replaces the use of Portland cements owing to
chemical and physical incompatibility between materials of
historical buildings and relatively modern cement-based
materials [6]. On the other hand Portland cements determine
also a release of soluble salts promoting damage through
crystallization [7].

Among lime binders, lime putty has been a building material
since 8000 BC and is still one of the most important components
in the formulation of plasters and mortars. It is produced by
slaking quicklime (CaO) with an excess of water for extended
periods of time until a creamy texture is produced. Extended
aging of lime putty has been recognized for centuries as a means
to improve the quality of hydrated lime as a binder in lime-based
mortar and plasters [8,9]. Romans forbade the use of any lime
putty that was less than three years old. The effect of extended
exposure of lime putty to water indicates that portlandite
crystals, Ca(OH),, undergo both an important size reduction and
a shape change from prism to platelike crystals agglomerated as
aggregates [10,11].

A model for portlandite evolution is based on the fact
that submicrometer platelike crystal sizes originate from large
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pre-existing prismatic crystals due to the preferential dissolution
of prism faces with a consequent heterogeneous secondary
crystallization [11]. The sole crystal sizes reduction over time
contrasts with the “Ostwald ripening” concerning the growth of
the larger crystals at the expense of the smallest ones [12].
A conflicting model suggested, in fact, the formation of large
platelike crystals [2].

The crystal size reduction of portlandite upon aging and the
corresponding formation of platelike crystals account for the
quality improvement in terms of plasticity and workability of
lime-putty-based mortars [13-17].

In order to investigate thoroughly the discrepancy between
the crystal size reduction and the growth of large crystals of
portlandite, the microstructure evolution of a lime putty with
slaking periods of 3 months up to 66 months has been
investigated.

2. Experimental procedure

Six samples of lime putty aged under an excess of water for 3,
12, 24, 36, 48 and 66 months (thereafter denoted LPX, where X is
the number of aging months) were tested.

The chemical composition of the quicklime precursor of lime
putty is reported in Table 1. Each sample was taken from the
inside of the lime putty avoiding contact with the supernatant
water. The water retention content of the samples was
determined by thermal treatments in an air oven at 110 °C up
to constant weight. The results refer to measurements performed
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Table 1
Chemical composition (wt %) of the quicklime precursor.

Ca0 MgO Na,0O KO Fe;,0;  AlO3 Si0, CO, H,O SO3

943 1.8 0.2 <0.001 <0.03 <0.001 <0002 25 06 03

on three specimens for each sample. The amounts of portlandite,
brucite and calcite were determined by thermogravimetric
analysis (TGA) on samples dehydrated by lyophilization using a
Lio Cinquepascal apparatus (Milan, Italy). The weight losses of
the corresponding thermal decompositions of Mg(OH), (brucite)
into MgO, Ca(OH), into CaO and CaCO;s (calcite) into CaO
were measured using a Netzsch model 409 thermoanalyzer
(Selb-Bavaria, Germany), with o-Al;05 as reference and a 10 °C/
min heating rate.

The specific surface area of the dehydrated powders was
measured by nitrogen adsorption according to the BET method
using a Gemini instrument from Micromeritics (Norcross, GA,
USA). The particle morphology was investigated by scanning
electron microscopy (SEM), using a Philips microscope (XL series,
Almelo, The Netherlands). The pore size distribution of the
dehydrated powders was determined by mercury intrusion
porosimetry using an instrument autoPore IIl of Micromeritics
(Norcross, GA, USA). The particle size distribution of the as-
obtained samples was investigated by static laser scattering using
a Mastersizer 2000 granulometer of Malvern (Worcestershire,
UK). In order to reduce aggregation phenomena of the as-obtained
samples, they were previously suspended in an excess of alcohol
and then submitted to ultrasonic treatment.

3. Results

Fig. 1 shows the differential scanning calorimetry (DSC) and
the thermogravimetric analysis (TGA) of the 36-month-old aged
lime putty previously dehydrated by lyophilization. Three DSC
peaks can be observed, the small one at 363 °C concerns the
Mg(OH), decomposition, while the peaks at 475 °C and 684 °C to
the decompositions of Ca(OH), and CaCOs, respectively. From the
corresponding weight losses, the amounts of brucite, portlandite
and calcite have been calculated and reported in Table 2 along
with the results of the lime putties slaked for different periods.
The brucite content, derived from the MgO impurity of the start-
ing quicklime (Table 1), increases as the slaking period increases,
reaching a constant value after 36 months. The complete
conversion of the main component CaO of the quicklime into
portlandite requires a shorter hydration time but higher than
12 months. The effect of the incomplete hydration of CaO and
MgO justifies a total mineralogical composition lower than 100%
for the LP3, LP12, LP24, LP36 samples. In conclusion, the complete
hydration of CaO and MgO requires slaking times of 24 and 36
months, respectively. TGA analysis also reveals that all the lime
putties are characterized by the presence of CaCOs; with an
average content of 10 wt%.

A same cumulative intruded volume of mercury (~1.7 mL/
mg), measured by mercury porosimetry, resulted in all the
lime putties with the exception of the 66-month-slaked one
characterized by a slightly higher value (1.8 mL/mg). The detected
wide range of the pore sizes distributions, changing between 0.1
and 200 pm, involves a wide range of particle size distributions.
For clarity, only the pore size distributions of the lime putties
slaked for 3, 24 and 66 months have been reported in Fig. 2.
The shortest-month-slaking lime putty is characterized by the
predominant presence of pore diameters in the range 10-40 pm,
the 24-month-slaking one predominant pore diameters in the
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Fig. 1. Differential scanning calorimetry (DSC) and thermo-gravimetric analysis.
(TGA) curves of 36 month aged lime putty previously dehydrated by lyophilisa-
tion.

Table 2
Lime putties used and their mineralogical composition.?

Lime putty LP3>  LP12° LP24° LP36° LP48 LP66
Aging time (months) 3 12 24 36 48 66
Brucite (wt%) 081 135 145 162 250 2.60
Portlandite (wt%) 8130 8570 86.80 86.10 86.09 86.98
Calcite (wt%) 1231 950 1010 9.87 1060  10.49

Total composition (wt%) 94.42 96.55 98.35 97.59 99.20 100.07

2 The mineralogical composition of the lyophilized samples was determined
using thermo-gravimetric analysis (TGA).

b These lime putties contain small amounts of undetermined CaO and MgO,
respectively.

range 100-200 pum, whereas longest-month-slaking lime putty
reveals a conspicuous increment of the pore diameters in the
range 2-8 um. The wide range in the pore size distributions of all
the samples might be partly ascribed to the drying effect on the
aggregation of the particles; however a corresponding hetero-
geneous particles size distribution must be expected for the
differently aged lime putties.

In agreement with the results of the intruded volume mercury,
the BET surface area slightly increases for the samples aged in the
3-48 months range, as reported in Table 3, whereas the sample
aged for 66 months shows a certain increase, which perfectly
agrees with the corresponding higher cumulative intruded
volume mercury.

Particle size distributions of slaked lime putties, measured
by static laser light scattering method are reported in Fig. 3 as
volume frequency of particles versus particle diameter. In
agreement with the wide pore size distributions results, each
lime putty shows different classes of particle sizes. The shortest
aged LP3 sample shows different classes of particle sizes in a
relatively narrow 1-50 pm range of particle diameter. The more
aged LP12 is characterized by a broader distribution of particle
diameter in the range 0.3-200 um , involving the formation of
both larger and smaller portlandite particles or recrystallization of
smaller ones. On further aging (LP24 sample), the broad particles
size distribution persists and smaller particles of about 0.1 pm are
also present. The longest-month-slaking lime putty LP66 is also
characterized by various classes of particle size with a significant
shift towards intermediate particle sizes.

It must be pointed out that the broader the distribution, the
more the disparity produced between the volume frequency of
large and small particles.
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Fig. 2. Pore size distribution of LP3, LP24 and LP66 samples.

Table 3
Surface area of lime putties aged for increasing time.

Lime putty LP3 LP12 LP24 LP36 LP48 LP66

Surface area (m?/g) 20.8 20.1 21.1 21.6 222 25.7

Fig. 4 shows the numerical frequency of particles versus
particle diameter for some samples listed in Fig. 3. The broader
particles size distribution upon aging is confirmed, but the
smaller particles are prevalent towards larger ones.

From the particle size distribution of each sample aged at
various times, the average particles diameter has been calculated
and reported in Fig. 5 assuming the particles to be spherical and
adopting the volume weighted mean (curve a) or the surface
weighted mean (curve b). Nevertheless for the different calculated
diameters, attributable to the anisotropy of the portlandite
crystals, an agreement in their behaviours can be seen. The
average particles size increases upon aging and then decreases
with a maximum at about 36 months.

On the contrary the water retention of the lime putties shows a
minimum upon aging. It diminishes, in fact, from 64 + 0.5% to
52 +0.5% for the lime putties slaked up to 24-36 months (Fig. 6)
followed by an increase up to 60+ 0.5% at 66-month slaking
times. Consequently, an inverse ratio results between the average
particles size and water retention.

By comparing the less-aged LP3 sample (SEM micrographs a
and b of Fig. 7) with the most aged LP66 one (micrographs c-f of
Fig. 7), it is confirmed that portlandite crystals undergo change in
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Fig. 3. Particle size distribution in terms of volume frequency of the lime putties
slaked at increasing times.
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Fig. 4. Numerical frequency of particles versus particle diameter in putty samples
aged at 3, 12 and 36 months.

both shape and size upon aging [10]. Prisms or rounded particles
(micrography a) and large hexagonal portlandite crystals
(micrograph b) can be observed in the LP3 sample. The
conspicuous shape change of the long aging lime putty (LP66)
appears in micrography c, showing several and well developed
hexagonal portlandite crystals, whereas micrography d shows
some of these crystals with corroded edges. The LP66 sample is
also characterized by the presence of numerous submicrometer
platelike crystals on the surface and, in particular, on the
periphery of the pre-existing portlandite crystals (micrography
e). The long aging time favours aggregation of large and thin
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Fig. 5. Average particle diameter of the lime putties slaked at increasing times.
Calculated assuming the particles to be spherical and adopting the volume
weighted mean (a) or the surface weighted mean (b).
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Fig. 6. Water retention content of the lime putties slaked at increasing times.

platelike crystals with the formation of numerous rose-like crystal
habitus (micrography f).

4. Discussion

The microstructure evolution of lime putty upon aging
reported in the literature claims two conflicting models. One
theory associates the variation of both the size and the shape of
portlandite crystals to the so-called “Ostwald ripening” [2,12,18],
i.e. development of the larger crystals at the expense of the
smaller ones. However, just the opposite has been frequently
observed: the smaller portlandite crystals grow at the expense of
the larger ones [11,19,20]. This last model is also based upon
differences in solubility between {000 1} basal pinacoid faces
and {1010}, {101 1} prism faces responsible for a heteroge-
neous secondary nucleation with the formation of nanometer-
scale portlandite crystals. Such differences in solubility are caused
by surface energy (7) difference between {0 0 0 1} basal pinacoid

faces and {1010}, {101 1} prism faces being yog0; lower than
both Y1010 and Y1010, respectively [21]. The attainment of the
lowest total surface energy must be the driving force in promoting
the continuous evolution upon aging of portlandite microstruc-
ture in terms of shape and size. Such evolution must be in
accordance with both the “Ostwald ripening” [12] and the Wulff
shape [22] concerning the crystal shape possessing the lowest
surface energy for a fixed volume.

The development of small platelike portlandite crystals at the
expense of the larger prism crystals appears thermodynamically
unfavoredable [11]. Such a change may be considered as the
result of the cutting of a prismatic crystal in the c-axis with the
formation of separated thin plates of portlandite as shown in
the schematic illustration of Fig. 8. The total surface energies per
volume of the single prism crystal I't;sp) and of the corresponding
thin plates Ity are

TI't(spy=SprYpr+SpiYpi  (single prism)

T't(py)=Sprypr+S'pivpi  (platelike crystals)

where Sy, Spi, S'pi are the surfaces of the prism faces, the surfaces
of the basal pinacoid faces and 7y, yp; the surface energy of prism
faces and basal pinacoid faces, respectively. The shape change
of Fig. 8 involves only a significant variation in the surface of
the pinacoid faces changing from S, to the higher value S'p;,
so involving T'typ)> I't(spy. This result demonstrates that the
formation of the small platelike portlandite crystals at the
expense of the large prismatic crystal is thermodynamically
unfavorable.

A possible and thermodynamically favorable portlandite
evolution appears in the schematic illustration of Fig. 9. In this
case the formation of large platelike crystals of portlandite with
well developed {0 0 0 1} faces at the expense of smaller prismatic
crystals (Ostwald ripening) involves a conspicuous increase of Sp;
and a drastic diminution of Sy.. According to Ref. [11], being
Ypi < Ypr I ti1py Of the large hexagonal platelike crystal is lower than
I'tpry.of the prism crystals. The frequent presence of large
hexagonal platelike crystals, detected by SEM micrographs, in
the less aged LP3 sample justifies this model. The nucleation
secondary crystallization of submicrometer platelike portlandite
crystals appears mainly as a consequence of the different
solubility between prism faces and pinacoid faces connected to
the large hexagonal platelike crystals. Secondary nucleation
and crystallization of calcium hydroxide from aqueous solution
was also found to occur in the presence of large seeds of
Ca(OH); [19].

If prevalent small plates would crystallize at the expense of the
larger ones, a noticeable change in the BET surface area of the lime
putty upon aging must be expected, but only a small increase has
been detected in the 3-48 months range of aging as reported in
Table 3. A certain increase has been detected for the longest aged
sample LP66. To explain such negligible increases, several features
must be taken into account for the evolution of the portlandite
particles: the variation of the surface area/volume aspect ratio,
the variation of the height to length aspect ratio [13] and the
contemporaneous formation of both larger and smaller portlan-
dite crystals.

The “corroded” edges frequently observed of large platelike
crystals confirm the preferential dissolution of prism faces
determining supersaturation followed by secondary nucleation-
crystallization of submicrometer portlandite particles. The solu-
bility differences between these small particles and larger ones
[21] favour the formation of new large platelike crystals, which
can aggregate on the pre-existing ones, thus justifying the
presence of numerous aggregates as rose-like crystal habits. Such
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2 um

Fig. 8. Schematic illustration of a single prism portlandite crystal evolving towards smaller platelike crystals.

aggregated particle network can be related to the attraction
between oppositely charged faces and edges.

The proposed mechanism justifies the continuous evolution of
the microstructure of lime putty upon aging after many years of
aging, thus involving a continuous dissolution and recrystalliza-
tion of portlandite.

5. Conclusions

The attainment of the lowest total surface energy appears to be
the driving force in promoting the continuous evolution upon
aging of portlandite microstructure in terms of shape and size.

Nevertheless the important shape change from prism to
platelike crystals, the sole reduction of the particles sizes upon
aging in which the smaller portlandite crystals grow to the
expense of the larger ones is not favorable for the diminution of
the total surface energy. This diminution requires also the growth
of large portlandite crystals as detected by SLS and SEM results.
The nucleation and secondary crystallization of numerous sub-
micrometer platelike crystals is a consequence of the anisotropy
of such large crystals, which emphasizes the difference in the
solubility between pinacoid faces and prism ones. The secondary
crystallization of the submicrometer portlandite particles appears
to be responsible for the continuous evolution of lime putty upon
aging.
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Fig. 9. Schematic illustration of prismatic portlandite crystals evolving towards a single large hexagonal crystal.

The continuous change in the morphology of portlandite also
affects the content of water retention, which is one of the features
affecting the workability of the lime putty. An inverse ratio
between the amount of water retention and the corresponding
average particle size has been detected. For the shortest aged LP3
sample, nevertheless its highest water retention content, due to
the lowest average particle size, a low plasticity and workability
must be expected due to the reduced shape change from
prismatic to platelike crystals; consequently, this shape change
is decisive for the optimization of putty workability.

It is confirmed that the better quality of lime putties increases
with the extended exposure of quicklime to water. As established
by an ancient Roman law, an aging time longer than 36 months is
necessary. A surprising fact is that this aging time corresponds to
the minimum in the water retention content and to the maximum
in the average particles sizes as has been detected.
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