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Highlights:

* The calcination process of limestone modifies the surface free energy of the lime.

* Quicklime is more hydrophilic when produced in a traditional kiln between 850-900 °C.
* n potential of traditional quicklime were much larger than industrial quicklime.

* The traditional process generates products with more plasticity.
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Abstract: The surface properties of the portlandite are very important in the behavior of the suspensions of lime
used as binders, plasters, mortars and paint, for use in the architecture heritage conservation. These rheological
properties depend heavily on surface thermodynamic properties, surface tension-surface free energy and load the
lime present in aqueous medium. It selected two types of quicklime, originating from the same rock but made in
two types of kilns: traditional and industrial Kiln. It has determined values of the surface free energy of the lime in
the form of CaO and Ca(OH)2 as well as the rock used in its prepa- ration. In addition, it conducted an electrokinetic
study to determine electrophoretic mobility in a water/ lime system. It analyzed various types of oxides after
laboratory slaking and periods during which the portlandite remained in water. This study revealed that quicklime is
monopolar and has a hydrophilic nature. Tradition quicklime, CTotal values decrease as temperature increases the
calcination of limestone. This has greater hydrophilicity than that of industrial quicklime. Moreover, traditional lime,
introduces more charges than that fabricated by industrial processes, with larger values of n Potential. n Potential
data confirm the optimal plasticity properties of the traditional lime, and that this quality is maintained.

1. Introduction

Lime has been used since ancient times as a material to improve cohesion used in construction materials
[1]. The recoveries of tra- ditional construction activities currently constitute an area of interest for product design,
regarding its application in restoration [2]. Traditional and semi-industrialized products based on lime constitute a
proposal that has been growing in recent years.



Lime is a binder obtained through a group of processes that are encompassed within the term lime cycle.
This cycle includes a first stage of calcination of limestone between 850 and 900 °C to obtain quicklime (Ca0). The
dissociation temperature of CaCO; occurs at 898 °C when pCO, is 1 atm. This temperature is reduced by
decreasing the pCO2, and increases with its increase [3]. The end result is collapse of the crystal structure of CaCO3
[4].

In the calcination process, the type of kiln, burning time, size of carbonate particles, density, and limestone
purity are important in their properties [5-8]. Quicklime from traditional manufacturing (longer calcination and
variable temperature inside kiln) has a slow hydration and lower slaking temperature (850-900 °C) than the
industrial quicklime process (faster calcination in the kiln) [9] Lime formed during a relatively short period of
calcination has a more porous structure and is highly reactive [3]. It appears that the thermal decomposition and
chemical reaction control the process, influenced by the speed of calcination [10].

The process of slaking has been extensively studied in recent years [3,11-17]. The type of slaking has a
significant impact on the resulting product. A supply of excess water during hydration favors the dispersion of
particles, reducing their tendency to agglomerate [18]. The primary and aggregated crystals generated during and
just after slaking, control the evolution of the port-landite microstructure [11,18], and improve its rheological proper-
ties while it remains in suspension in water. These crystals constitute the largest particle size because of
agglomeration orientation, characteristics that most strongly affect the loss of plasticity [2,17].

The zeta (n) potential is one of the fundamental parameters controlling the interaction of the particles in
suspension. Colloidal particles dispersed in a solution are electrically charged because of their ionic characteristics
and bipolarity. According to extended DLVO (Derjaguin-Landau-Verwey-Overbeek) theory [19,20] three types of
interfacial interactions should be considered, i.e., Lifshitz-van der Waals (LW), electrostatic (EL), and acid-base (AB).
Their contributions depend on the nature of the interfaces involved (i.e., the n potential and surface free energy
components). The rheological behavior of putty lime depends on the aggrega- tion or dispersion of portlandite
nanoparticles in aqueous suspension [11] and is a function of many factors that can be classified into four groups.
These are the distribution and sizes of particles, the shape and surface area of the particles, concentration and n
potential of the dispersion [11,12,21,22].

In the present paper, the properties of surface free energy and n potential are determined. The objective is
to understand how they affect production technology in the surface properties of the lime and the effect on them the
time that this material remains in water (aging of lime putty). In terms of these parameters, it can explain better the
properties of slaking lime and its rheological behavior. These properties are of interest in the advancement of
knowledge of this high-value construction material.

It used for this study lime from the Moron de la Frontera City (Seville, Spain), which currently has two forms
of quicklime production, traditional and industrial. This unique case allows greater control of variables involved in the
production process such as the nature of the limestone, as reflected in previous works [6], kiln type and its
technological implications; such as the effect of calcination temperature and heating rate [3,8,18,23,24].

The exceptional production conditions of such lime has made it an object of study for application in
restoration works of Cultural Heritage [11,12,25-27] demonstrating its quality as a building material. In November
2011, declared Intangible Heritage of Humanity, in the category of Best Practices by UNESCO [28].

2. Material and experimental methods

2.1. Production process lime and limestone source

Traditional Kilns lime of the arabic type, to produce lime (Fig. 1) fed by combustible vegetation of olive and
pine. These kilns operate with a volume of stone around 70 tons; with calcination times from 10 to 20 days



(depending on environmental conditions and kiln size), with continuous feed every 15 min and a substantial daily
consumption of wood. Temperatures reached inside the kiln vary from 1100°C, at the heat source, to 750°C, in
outer areas. Smoke color, from black to white, and change in color of the stone, from reddish orange to yellow-gold
observed in the upper recesses of the kiln (cafios o troneras), facilitate the determination of the exact burning of the
stone[28].

The kiln assembly is critical to the quality of the lime produced, because it is designed so that the
temperature to which the stone is subjected in its interior is as homogeneous as possible. The assembly of vaults of
the kiln and its structure (Ahornado process) is done via the method of dry stone, built with armaderas (larger
stones) in a concentric arrangement. These stones are fit with other smaller stones called matacanes and, finally,
the gaps are filled with other small stones called ripios [29]. This design allows that temperature inside the kiln to be
as homogeneous as possible. Slaking lime is done by spraying (powder Lime) and traditional procedure by fusion
(putty lime) with mechanical agitation in large amounts of oxide over 30 days. This initiates a slow increase in
temperature, not exceeding 100 °C.

In industrial lime production used discontinuous vertical kilns fed with com- bustible natural gas, coke, fuel
and oil. Limestone is subjected to temperatures between 900 and 1000 °C, over short periods of time, obtaining
quicklime that is then sieved, crushed or ground and finally hydrated to obtain a very fine dry powder (powder lime).

Limestone used from the geological Unit of the Sierra de Estepa (External Areas of the Baetic Chain, Spain).
They are constituted by micritic, oncolitic and oolitic lime- stone of age lower and mid-Jurassic [30].

The limestones, although having textural variations, have high purity (>90% CaO with <1% SiO,) and very
similar levels of major and trace elements. Generally, these correspond to very compact limestone with porosities 5-
10%. From the standpoint of pore size distribution, two types can be distinguished. These are a variety with
micropore sizes largely <2 mm and a more porous type with the presence of micro- pores and macropores [31].

3. Samples

It carried out a comparative study of three types of quicklime (CaQ) (see Table 1). Two of these were
obtained from the same limestone, but with different manufacturing technologies. These were traditional continuous
vertical kilns (TL) (Fig. 2a), industrial continuous vertical kilns (IL) (Fig. 2b), and commercial lime, sup- plied by
Panréac with analytical purity (ref: 211234.1211; lot: 0000534420 M = 56.08 g/mol; PL).

Traditional Kilns are characterized by heterogeneous burning. Thus, for the TL lime it analyzed three
varieties, located in different areas of the kiln with different calcination temperatures. These were TL (1) (1100 °C),
TL (2) (900 °C) and TL (3) (850 °C). This was done to see if temperature changes affected the surface free energy
properties and n potential of lime.

In the laboratory, it prepared lime putty from the quicklime (CaO) obtained by two calcination processes,
traditional (SPLr) and industrial (SPLy). The slaking was done in distilled water in a lime/water ratio of 1:3, without
stirring. The hydrates were also made from quicklime of analytical purity (SPLeL).

Ancient manuals construction and the scientific literature indicate that hydrated lime improves its plasticity
properties with time [18]. It determined the n potential of the putty lime at two times, t = O (recently slaked) and t =
6 months, to see if time affected the electrophoretic mobility of the portlandite particles.

On the other hand, it analyzed limestone used in the production of lime, specifically, two varieties extracted
from quarries of the village of Gilena (see Fig. 2c) and Moron de la Frontera (see Fig. 2d) (both near Seville). The
latter had historical exploitation but is currently inactive. It has been declared a Heritage of Cultural Interest by the
Junta of Andalusia (Spain) and was traditionally used for lime production (see Table 2).



4. Methods

4.1. Compositional analysis of the samples

The mineralogical composition of the materials was evaluated by X-ray diffraction (XRD), using a D8
DISCOVER diffractometer with Cu-Ka radiation. The XRD patterns were collected using Co kal (kkal = 1.7889 A)
and ka2 (kka2 = 1.7928 A) radiation in the range D2h = 3-70° with a step size of 0.015° and a counting time of
0.1 s per step. The chemical composition of major and trace elements was done using the Phillips X-ray
Fluorescence (XRF) mini- trace method and PANalytical AXIOS Rh spectrometer. A scanning electron microscope
FESEM (FEI-TENEO), acceleration voltage: 200 eV-30 keV (20 eV with BD), was used to analyze microstructure,
particle morphology and texture relationships. Thin sections of quarry samples were examined with a Leica DMLP
petrographic polarizing microscope and a camera with a Leica DFC 280 digital image capture system. The particle
size distribution (PSD), range between 0.02 and 2000 Im, of slaking lime (putty lime) dispersions was measured
using a Coulter LS 230 laser diffraction particle size analyser.

4.2. Surface free energy determination

For determination of the surface free energy of the material, two techniques were used. First, the contact
angle on thermodynamically stable surfaces was obtained by a pressing, or by a liquid penetration thin-layer
technique (layer wicking) if we were unable to achieve stable surfaces.

To estimate the surface free energy of the different types of limes, it used measurement of increasing
contact angles of three probe liquids (diiodomethane, water, and formamide) of known surface-tension components,
on dry pellets a centimeter in diameter. For this purpose, a ramé-Hart Inc. (USA) NRL CA goniometer was used. The
image of drops placed on the surface was captured by a video camera adapted to the goniometer, immediately after
their deposition with a Gilmont (USA) micrometer syringe.

Prior to contact angle measurements, the pellets were dried at 70 °C and kept in a desiccator. Only stable
drops were used to compute the surface free energy components of the solids. The contact angle of the same set of
liguids was similarly measured on quicklime, slaking lime, putty lime and stone pellets made by compressing dry
powder under 1.5 104 kg/cm2 pressure for 10 min.

Only pellets with a smooth, specular surface (at the optical microscope level) were selected. Detailed
descriptions of the [19] approach to surface free energy formulation were given in numer- ous papers from those
authors [19,20]. Thus, the total surface free energy of a solid or a liquid is described as the sum of the LW
component cLW  (including London dispersion—the main interaction—Debye polarization, and Keeson orientation)
and AB interaction cAB, in many cases due to hydrogen bonding. In general, the polar cAB interaction is due to the
electron-donor, c—, and electron-acceptor, c+, contributions. The relationship between contact angle h and the LW
and (Lewis) AB components of the surface free energy of the solid (subscript 1) and surface tension of the liquid
(subscript 3) can be written as
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where /Li is the surface tension of liquid i forming contact angle 0 on the solid, and v}, vj, and vy are the
surface tension components of the liquid.

Thus, by measuring the O of the three liquids mentioned. a system of three equations of type (1) can be
resolved to attain the three unknown variables *_f%""". vi, and Y1 The surface free energy components of the

liguids used are shown in Table 3.
4.3. Electrophoretic mobility

To estimate the surface charge, n potential is measured by electrophoretic mobility, using a zeta Malver
Plus device.

When a solid such as lime is immersed in an aqueous medium, a charge develops on the surface by
dissociation of functional groups from the surface or by adsorption of ions from solution. The surface charge on the
lime together with the countering constitutes the electrical double layer. In the study of charged systems, three inter-
facial potentials are of interest, i.e., the surface, Stern-layer, and n potentials. The electrokinetic or n potential is the
potential at the shear plane, where slip must occur when the solid moves relative to the liquid. The behavior of a
solid particle in a liquid under these conditions is governed by charge density at the shear plane. The measurement
of electrokinetic potentials is relatively easy and this is often the only direct electrical measurement that can be
made. Although interpretation of the results is not straightforward, often the useful assumption is made that the
slipping and Stern planes coincide. Since the n potential can be manipulated through adsorption of inorganic or
organic ions at the Stern plane, the study of the electrokinetic behavior of the solid is of practical importance in
flotation, dispersion, flocculation and therefore of the cohesion of lime particles [32].

The n potentials of lime particles were calculated (using the Smoluchowski model, see [33] by

e
T

where nEP is the electrophoretic n(mV), V the electrophoretic velocity (Cm/s), | and e the viscosity (Cp) and
permittivity of the aqueous medium in standard conditions, respectively, and Ex is the axial electric field. The
Smoluchowski equation is a simplified approach in which the electrostatic driving force is opposed by the frictional
force; other effects are neglected. The equation is valid for solid particles with large dimensionless inverse Debye
length [34]. This equation gives favourable results only for large colloidal particles and high ionic strengths, when n
is not high. For n values with a practical meaning (<120 mV), the error is negligible when ka > 100, where a is
particle radius and the Debye parameter k is defined as
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here, F is the Faraday constant, Ci is concentration of the ith ion (in mol/m?), Z is the valency of this ion, E
represents the dielectric permittivity, R is the gas constant, and T is absolute temperature.

5. Results and discussion

5.1. Chemical-mineralogical-microtextural characterization of the stone and quicklime samples and size distribution
of portlandite

The chemical composition of major elements of the stone quarry samples and oxides obtained from the traditional
kiln are shown in Table 4. It notes for the quicklime (TL, IL and PL) an increase in CaO and MgO content and
reduction in content from loss on ignition LI, as expected for oxides. The PL quicklime shows the highest CaO
product of analytical purity. On the other hand, the chemical composition of trace elements of the limestone and
quicklime samples obtained from the traditional kiln shows in Table 5. In quarry samples; it observed Ba, Cl, and
Sr contents, not present in samples of quicklime (TL). This can be explained by their release during the calcination
of calcite.

As seen in Table 6, the mineralogical composition of the limestone used for lime production: Q1, Q2, Q3;
was very similar, with calcite contents around 100%. Their biggest differences were in tex- tural type. The Q1
lithotype corresponds to oosparite [35] with a predominance of micritic intraclasts of ooliths and foraminifera with
abundant crinoids plates and sparitic cement (Fig. 3a). The Q2 Lithotype corresponds to oomicrites [35] constituted
by oolites and crinoids plates with little sparitic cement and a more porous character (Fig. 3b). Finally, Q3 lithotype
corresponds to a very compact micritic limestone also composed by carbonates of a micritic nature and little sparitic
cement (Fig. 3c). Based on the petro- graphic microscope observations it conclude that the Q2 and Q3 lithotype
correspond to micritic limestones, with the Q3 lithotype the most compact and homogeneous and having a lower
content of macropores. The Q1 lithotype is also composed of limestone intraclasts of micritic nature, with a porosity
intermediate to Q2 and Q3, but a greater content of sparitic cement and therefore more crystalline.

The microtextural observations of limestones by FESEM-se confirm the predominance of the micritic matrix
in most types (calcite crystals of size <6 mm) as indicated above Fig. 4. In some cases, the presence of large
carbonate crystals corresponded to crinoid plates (see Fig. 5b) and, in other cases, to recrystallized calcite in pores
(see Fig. ba), more abundant in Q1 lithotype.

From the data it concludes that these stone materials in the three lithotype are suitable for producing lime,
owing to both their purity (100% calcite) and texture (dense and compact limestone). They are well suited to generate
plastic limes according to Ancient Manuals Construction, for example [36]. Moreover, they corre- spond to low-
porosity limestone, which slows the hydration after its calcination [8].

The mineralogical composition of calcium oxides obtained from these varieties of rocks is also similar,
according to the two types of kilns (TL and IL). No uncooked were detected, so the calcination process was complete
in both cases. Small amounts of portlandite detected in TL, were attributable to longer storage of CaO, which is
typical of traditional lime kilns. The nanometric observation by FESEM-se (see Figs. 6, 7 and 8) of various types of
Ca0 indicated some degree of textural similarity to the original limestones. In the case of traditional quicklime (TL)
morphology, CaO crystals resembled the micritic calcite, indicating use of the Q2 and Q3 lithotypes. In contrast with
industrial lime manufacturing, the microtexture of CaO crystals resemble more the Q1 lithotype, extracted from
another area of the Moron de la Frontera region, specifically, Cazalla de la Sierra in the province of Seville similar to
Q1 lithotype.

Given that the transformation of the calcite to CaO is of pseudomorphic and topotactic type [18], CaCOs
microtexture controls the morphology of CaO crystals in the two types of kilns. The major differences were in the



textural homogeneity observed in type TL (see Fig. 6) and in the sample of analytical purity PL (see Fig. 8). In the
latter case, the particles had spherical morphologies, attributable to a greater degree of sintering. Regarding Ca0O
from industry kiln (see Fig. 7), very likely owing to microtextural heterogeneity of rock, the burning process was not
uniform. It observed areas where the initial morphology of the calcite crystals appeared virtually intact, in other
areas; roundness at the edges of the crystals was very visible, developing toward more porous crystals (pores gener-
ated by the release of CO2). Ultimately, in areas where the transfor- mation was complete, it observed morphologies
similar to TL types. These observations show that the optimum burning conditions of the stone are specific to each
lithotype, and that the thermal decomposition of calcite depends intrinsic factors of stone (micro-textual aspects),
and process technology as heating speed, time and pressure of CO2 [10].

After laboratory slaking of the various CaO type, the portlandite had the nanometer appearance shown in
Figs. 9 and 10. This appearance was similar TL, IL and PL, in agreement with [37] who considered the
transformation of CaO to Ca(OH)2, also of pseudomorphic and topotactic type. However the determination of the
PSD in the various suspensions portlandite obtained in the laboratory (SPL) revealed notable differences (see Fig.
11). The range of portlandite PSD in various lime suspensions was wide, 0.2-300 Im (most within 2-100 Im).
Detailed observation of the various curves indicates the greater proportion of smaller particles (0.5-2 and 2-20 Im)
in type SPLTL (3), followed by SPLTL (2), both from traditional production. The SPLIL and SPLPL types had smaller
proportions in the aforementioned ranges, along with particle sizes between 60 and 120 Im, not present in the
previously mentioned varieties. SPLTL (1) (subjected to higher temperature) had grain sizes in a wider range and a
distribution similar to SPLPL; however, larger particles were absent and/or in smaller proportions (60- 120 mm), a
size range not observed or less frequent in traditional limes. Nonetheless, we note the size distribution of variety
SPLIL with a predominance of particles in the 2-20 Im range, similar to SPLTL (3) and SPLTL (2) but with greater
contents of particles >50 mm.

The data (see Fig. 11) suggest that temperatures above 1000 °C, regardless of the industrial or traditional
process, causes a reduction of smaller particles (in the 2-20 Im range), for example, SPLTL (1) and SPLPL.
However, prolonged and controlled burning as in the traditional process reduces the possibility that portlandite
crystals of size above 50 mm form, or reduces their proportion as in the cases of types SPLTL (3), SPLTL (2) and
SPLTL (1). This increases the content of particles of size 2-20 Im. Optimum calcination temperatures and
manufacture in traditional Kilns increase the content of particles in size ranges 0.2-2 and 2-30 mm. These
analyses were performed in a few weeks of slaking in the laboratory.

5.2. Surface free energy components of lime and stone

Table 7 shows surface free energy components of different quarry stones used to obtain the various types
limes. From the cLW component of the samples, we observed that Q3 lithotype had the largest value of cLW (48
mJ/m2), whereas the other lithotypes (Q1 and Q2) had values 43 mJ/m2. This is likely because Q3 lithotype had a
more ordered structure of water molecules at the solid/liquid interface, so it required longer calcination. Table 7 also
lists the polar components c+ and c—. This shows that the quarry stones can be considered electron-donor in nature
(c+ 0, c— > 0). Unlike c+, the electron-donor component c— is very sensitive to the surface composition of the rocks.
However, c+ was not different from zero within the experimental error; i.e., all the inor- ganic materials in general
[38] and SiO2 [32] in particular are essentially monopolar substances in the sense of Van Oss.

Analysis of the c— component indicated a hydrophobic character for Q3 and Q1 lithotypes (c— < 28.2 mJ/
m2) and a hydrophilic character for Q2 lithotype (see Fig. 3b) with greater porosity. The lower porosity of both Q1
and Q3 lithotypes are indicated by Fig. 3a and c. Furthermore, there was in the limestones samples a tendency of
increased values of c— and cTotal for Q2 and Q3 litho- types, the most micritic observed. The results indicate that
the most crystalline limestones with larger crystal size require longer calcination. The rocks with smaller crystal sizes



had greater surface area and therefore burning would be more rapid. It is also interest- ing to know the effect of
other factors such as the purity of the stone, of interest for future works.

Table 8 shows values of c+ and c— of the two lime types (TL and IL) from the three lithotypes of rocks. The
results show that the cal- cination process substantially changes the surface free energy components, as expected
from the chemical change experienced by the material after its transformation from carbonate to oxide. It
emphasize that the quicklime (CaO) is monopolar (electron donor) and has a hydrophilic nature (c— > 28.2
mJ/m2). Considering the electron donor component, the data shows that the most hydrophilic was PL quicklime,
followed by TL and IL.

Table 9 shows values of surface free energy of quicklime obtained in the traditional kiln, according to
various calcination temperatures reached within its interior. cTotal values decreased with increasing calcination
temperature. Therefore, oxide obtained at higher temperature has less surface free energy. From the donor electron
component analysis, it conclude that the CaO subjected to higher temperature (1100 °C) is less hydrophilic and
thus its hydration capacity is less or needs more time to complete hydration. This suggests that the burning time of
the stone as well as the temperatures reached have an important role [5].

Table 10 shows surface free energy components values of lime putty (SPL) in the laboratory from the
various quicklimes (TL, IL and PL). The results shows that hydration of quicklime modifies the surface free energy
components, but not in the same way for all samples. For example, for SPLTL, those components were practically
unchanged. In contrast, industrial production lime is hydrophilized substantially, with ¢c— changing from 35.9 to
49.62 mJ/m2. There was a similar result for the lime of analytical purity. From these data it can say that the sample
of putty lime from traditional manufacturing had increased hydrophilicity and therefore a greater capacity of water
retention, consonant with [3,39]. This explains the greater volume acquired by the hydrated lime from traditional
production, which can be as much as three times the initial volume [7].

For the traditional lime, Table 10 reveals the effect of the rock calcination temperature on the process
outcome, i.e., the formation of hydroxide. Regarding the surface energy components, for SPLTL (1), ¢— values for TL
(1) passed from 31.3 to 18.07 mJ/m2 during hydration, with both oxide and hydroxide samples having greater
hydrophobicity (thereby requiring longer hydration). From the data in Table 11, it concludes that the higher the
calcination temperature the hydroxides reached, the greater their hydrophobicity. The study of the surface free
energy components of lime and limestone indicates the effects of temperature and time of calcination of the stone.
These data show the importance of maximum temperature, so an excessive temperature increase and short period
of calcination appear to be factors unfavorable to the quality of lime.

5.3. n Potential of samples

Table 11 shows data of n potential of different sample analyzed ionic strength constant of 10—3 of NaCl.
Stone quarry samples from Gilena and Moron de la Frontera (both near Seville) showed appre- ciable difference in
obtained values. n potential was negative in all cases with values around 17 mV, similar to data for calcite obtained
by others authors [40]. Using the Gilena stone, it per- formed calcination to calcium oxide to obtain traditional lime.

Table 11 also shows the n potential of various types of Ca0. The n potential of CaO obtained by the
traditional process (TL) gave val- ues passing from 32.1 to 34.7 mV. These values are much larger than that of the
industrial process (IL) (4.63 mV); the PL quicklime value was 19.16 mV. It therefore concluded that traditional
production oxides have a greater charge than those from industrial production (see Fig. 12).

The results also show that the oxides from traditional kilns have similar values of n potential, regardless of
their position in the kiln. Therefore, the temperature factor in the studied margins (1100- 850 °C) does not appear
to be a determinant in the generation of charge.



It also determined the n potential of the slaked lime in the lab- oratory from the various types of quicklime
(see Table 12). The data indicate that n potential decreased compared to their oxide of origin, losing charge during
hydration. An analysis of aging putty lime (see Table 12) shows that this loss of charge over time is pro- longed with
time of contact with water. This has been demonstrated by leaving the slaked lime in a sealed container for six
months. This may be in line with the work of [25], which indicated that lime has better properties just after slaking.

The results also show that hydrated lime from SPLTL production had a greater charge than that from
SPLIL, with 25 mV versus 3.35 mV. Notably, n potential values of SPLIL and SPLPL lime were very small, which
explains the presence of aggregates of size above 50 Im seen in Fig. 11. Moreover, slaking lime permanence in
water for six months produces shielding of charge to near disappearance.

The temperature used in the manufacture of traditional quick- lime also impacts on the hydroxide charge
and evolution during the aging putty lime process. The results show that temperature does not affect the value of n
potential of the material at t = O, how- ever, for an aging period of six months, the portlandite from quick- lime
formed at high temperatures (1100 °C) in the traditional kiln loses some charge. In contrast, the behavior at 850 °C
showed an increase of charge up to 29.2 mV.

The above demonstrates the importance of maintaining an optimal, constant temperature in the kiln.
Further, it explains the structure of traditional kilns, constructed with the proper burning stone and filled with
fragments of varying size (from large to small as a function of distance from the center or focus of heat) and covered
by a layer of clay (which is replenished while the kiln is operating) to prevent the escape of heat [29].

These results indicate the importance of proper burning of the stone, because this favors the increase of
CaO charge and, after  his slaking generates portlandite particles of greater electrophoretic mobility. This results in
a larger proportion of small particles.

To complement the present investigation it made a comparative study with traditional lime (SPLTc), slaking
by fusion with mechan- ical agitation in large amounts of oxide over 30 days with different periods of aging lime putty
(6 months and 10 years). n Potential data are shown in Table 13. The results indicate that lime slaked on shelves
by melting retains greater charge and, after 10 year’s aging, the lime retains values greater than that recently slaked
in the laboratory. This confirms that recently slaked lime has optimal conditions of plasticity that are maintained or
improved with aging [41]. The data of n potential confirm the superior plasticity proper- ties of traditional lime and
that this quality is maintained over time.

6. Conclusions

The optimum burning conditions of the limestone are specific to each lithotype, and that the thermal
decomposition of calcite depends intrinsic factors of stone and process technology as heating speed, time and
pressure of CO2. The results indicate that the most crystalline limestones with larger crystal size and lower porosity
require longer calcination. The rocks with smaller crystal sizes had greater surface area and therefore burning would
be more rapid.

The calcination process of limestone modifies the surface free energy components of the rock. The
resulting, CaO has a hydrophilic nature but with a character dependent on the type of kiln. Specifically, quicklime is
more hydrophilic when produced in a tra- ditional kiln, and when the temperature is 900-850 °C. Moreover, less
porous limestone requires higher temperature and longer firing time, based on its cTotal values.

The study of the surface free energy components of lime and limestone indicates the effects of the density,
porosity and crystal size of the rock via the variation of those components, as well as the importance of temperature
and time of calcination of the stone. The CaO subjected to higher temperature (1100 °C) is less hydrophilic and thus
its hydration capacity is less or needs more time to complete hydration. These data indicate the importance of max-



imum temperature, so an excessive temperature increase and short period of calcination appear to be factors
unfavorable to the quality of lime.

The limestone microtexture controls the morphology of CaO crystals in the two types of kilns. The major
differences were due to textural homogeneity, but the transformation of CaO to Ca (OH). in the traditional process
reduces the possibility of formation of portlandite crystals >50 Im.

Samples of slaking lime from traditional manufacturing had greater hydrophilicity. This indicates that lime
so produced has a greater water retention capacity. The calcination temperature also affects the charge acquired by
portlandite [Ca(OH)2]. Therefore, for firing temperatures 900-850 °C, the calcium hydroxide not only does not lose
charge but it increases.

Values of n potential of quicklime (CaQ) obtained via the tradi- tional process were much larger than those
from the industrial process (less charge). The analytical purity sample had greater charge than industrial quicklime
but less than the traditional lime. Therefore, the traditional process generates products with greater electric charge
and hence with more plasticity.

The findings highlight the importance of firing time and improvement in the calcination process of the stone,
for increasing the charge of the resulting quicklime (Ca0) and promoting greater electrophoretic mobility of
portlandite particles.

This study shows that traditional lime behaves as hydrophilic colloids (lyophilic), corresponding to colloidal
systems that have strong affinity for solvent; its viscosity is typically high and usually reversible.
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Table 1
Ca0 Samples and corresponding Ca(OH)2 obtained of hydrations at O and 6 months.

Samples Burning Corresponding Ca
temperatures (OH)2 (0-6 month)
TL (Ca0) Traditional method. TL(1) 1100 °C SPLw (1)
Francisco Gordillo“s lime TL(2) 900 °C SPLw (2)
TL(3) 850 °C SPLr(3)
IL (CaO) Industrial method. Calcinor, 1000 °C SPL.

Andalusian of Limes
PL (CaO) Analytical purity. PANREAC & SPLs
AppliChem




Table 2

Limestone samples.

Quarry samples Description

Q1 Historic quarry from Moron de la Frontera, Seville, Spain
02 Gilena quarry A, Seville

03 Gilena quarry B, Seville

Table 3

Surface free energy components (mJ/m?2) of liquids used in contact angle measurements.

Liquid ¢ Total cLW c+ c-
Water 72.8 21.8 255 255
Formamide 58.0 39.0 39.6 2.28
Diiodomethane 50.8 50.8 0.0 0.0
Table 4

Chemical composition of major elements, expressed in wit% of oxides, for stone and quicklime
materials. Loss on Ignition (LOI).

Samples Si02  AI203 Fe203 MnO MgO CaO Na20 K20 P205 LOI
Q1 0.11 0.03 0.02 001 020 55.02 0.03 0.02 0.01 4352
Q2 0.11 0.03 0.02 0.01 0.20 55.02 0.03 0.02 0.47 4248
Q3 036 0.09 0.07 0.01 0445592 0.01 001 0.03 435
TL 016 - 004 - 036 7535 0.02 0.01 0.04 944
IL 037 009 0.09 001 051 7894 0.03 0.04 0.05 442
PL 097 0.27 026 0.01 058 80.610.02 0.02 002 135
Table 5

Chemical composition of trace elements, expressed in ppm, for samples: Q1, Q2 and TL.

Samples Ba Cl Cr Ga Hf La Mo Nd Ni RbSc SmSrThTIVUWY Yb Zn

Ql 51.2 505178645181 19105002420829787420966055611.31.8
51.9

Q2 333 270 00 90 33 175 1.7 11.1 85 0.3 163 24 554 29 0.7 29 0.0 1.3
10.9 1.852.1

TL - - -12 - - — = - - - —— - 01 - - - 16 05 84




Table 6

Mineralogical composition of samples, expressed in wt%, for stone and quicklime materials.

Samples Ca0 Porltandite Calcite
Q1 0 0 100
Q2 0 0 100
Q2 0 0 100
TL (1) 86 13 0

TL (2) 94 5 0

TL (3) 72 28 0

IL 95 5 0
Table 7

Surface free energy components of quarry limestone (mJ/m?).

Liquid cTOTAL cLW c+ c—
Q1 50 42 0.6 24
Q2 54 44 0.5 50
Q3 57 48 1.8 11
Table 8

Surface free energy components of quicklimes (mJ/m2: Traditional quicklime (TL), industrial
quicklime (IL) and analytical purity quicklime (PL).

Liquid cTOTAL cLW c+ c—
TL(2) 52.17 48.6 0.05 57
IL 49.57 39.1 0.76 359

PL 60.03 47.78 0.60 62.36




Table 9

Surface free energy components (mJ/m2) of quicklime (Ca0) of traditional manufacture, for three
calcinations temperatures: TL (1): 1100 °C, TL (2): 900 °C, and TL (3): 850 °C.

Liquid cTOTAL cLW c+ c—
TL(1) 1100 °C 47.3 38.1 0.68 31.3
TL(2) 900 °C 52.17 48.6 0.05 57
TL(3) 850 °C 55.9 48.1 0.37 45.6
Table 10

Surface free energy components (mJ/m2) of slaking limes, Ca (OH2), for different types of quicklime:
TL (traditional manufacture), IL (industrial manufacture) and PL Panréac with analytical purity, slaked
in the laboratory.

Liquid cTOTAL cLW c+ c—
SPLTL (1) 46.33 44.22 0.061 18.07
SPLTL (2) 58.63 47.48 0.56 55.03
SPLTL (3) 57.62 46.50 0.43 71.45
SPLIL 49.62 48.07 0.009 49.62
SPLPL 48.87 48.6 0.00035 50.2
Table 11

n potential (mV) for different limestones: Q1, Q2, Q3 and quicklimes (TL (1), TL (2) and TL (3), IL and
PL.

Samples CINa 10-3
Q1 —17.05
Q2 —16.35
Q3 -17.35
TL (1) 321
TL(2) 347

TL (3) 34.7

IL 4.63

PL 19.16




Table 12

n potential (mV) of different samples of slaked limes in the laboratory.

Samples n Potencial (Time, 0) n Potencial (Time, 6 month)

SPLw (1) CINa 10-3 24.6 18.6
SPLw (2) CINa 10-3 25.35 20.05
SPLy (3) CINa 10-3 24.7 29.2
SPLy CINa 10-3 3.36 1.6
SPLp CINa 10-3 11.93 1.7
Table 13

n potential (mV) of commercial traditional putty lime SPLTI at different times (6 months-10 years).

Samples n Potencial (Time)
SPLTc (6 months) CINa 10-3 20.35 mV
SPLTc (10 years) CINa 10-3 26.1 mV

Fig. 1. Traditional lime kiln, Mordén de la Frontera, Seville (Spain).



Fig. 2. a) Quicklime (TL) obtained by traditional process. b) Quicklime (IL) obtained by industrial

process. ¢) limestone from Gilena quarry d) limestone from Moron de la Frontera quarry.

Fig. 3. Photomicrographs (plain polars) of three types of rocks used for the production of quicklime: a)

QL. b) Q2. ¢) Q3.

Fig. 4. FESEM-se images of limestones. a) Q2 type. b) Q3 type.
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Fig. 7. FESEM-se images of IL quicklime (a and b).
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Fig. 10. FESEM-se image of SPL PL slaking lime.
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Fig. 11. Grain-size distribution of slaking lime: SPLTL, SPLIL, and SPLPL, expressed as volume
percentage.
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Fig. 12. n potential (mV) of quarry stones and quicklime (TL, IL and PL).
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