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This study aims to achieve an in-depth understanding of the manufacturing process of natural hydraulic lime
(NHL) by assessing the influence of raw materials' chemical- mineralogical composition and the effect of the
slaking process. NHLs with variable hydraulicity were manufactured using 56 raw materials from carbonate
outcrops in Andalusia (Spain). This study shows that siliceous limestones with microcrystalline quartz generate
hydraulic phases after calcination. However, when the amount of this reactive silica exceeds 18% by weight, CaO

is not formed, and only calcium silicates appear. It was also found that slaking of NHL leads to partial hydration
of the most reactive calcium silicates, reducing the expected reactivity of the lime. Instead, exposure of NHL
quicklimes to environmental relative humidity promotes the formation of disordered portlandite and reduces the
partial hydration of hydraulic phases. Our findings demonstrate that standard slaking can be replaced by
alternative methods for the studied binders.

1. Introduction

Natural hydraulic limes (NHLs) are binders obtained from the
calcination of limestone with silica and aluminium impurities at tem-
peratures lower than 1250 °C. Previous scientific research indicates that
only marly limestones or limestones with a certain clay content are
suitable to produce hydraulic binders, being the clay content the
responsible for the hydraulicity of the lime [1-4]. It is known that the
initial clay content for the production of natural hydraulic limes is
approximately 8% by weight for feebly hydraulic limes (NHL2), 15% for
intermediate hydraulic limes (NHL3.5), and 25% for eminently hy-
draulic limes (NHL5) [1-4].

During the calcination process, and after thermal decomposition of
the calcium carbonate into calcium oxide (CaO) and carbon dioxide
(COy), a solid-state reaction takes place among CaO and SiO, Al,O3 and
FeyO3 oxides, released by clays' decomposition [1,2,5-8]. These re-
actions lead to the formation of calcium silicates and aluminates, whose
composition and amount vary depending on the raw material and the
calcination conditions in the kiln (temperature, duration of the process
and the CO: partial pressure [9]), thus conferring different properties to
the NHL, such as hydraulic reactivity and degree of hydraulicity
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[1,10-13].

The most remarkable properties of a quicklime (i.e. the calcined raw
material) for the obtention of suitable NHL are high hydraulic reactivity,
large specific surface area and low density. According to Carran et al.
[11] (after the reactivity test, EN 459-2 [14]) and Afridi et al. [15], the
most reactive quicklimes are achieved with calcination temperatures
from 900 to 1100 °C and dwell times of 3-4 h. Higher calcination tem-
peratures and longer dwell times in the kiln would be detrimental
[10,16], as calcium oxide particles or crystals tend to increase in size,
agglomerate and partially sinter, leading to a reduction in specific sur-
face area and porosity as bulk density increases [10,16], with negative
consequences for the slaking process. Moreover, higher calcination
temperatures would enhance the formation of the silicate phases,
reducing the amount of free CaO [7].

Another aspect to be considered about the calcination process is that
the temperature reached in the kiln may not be homogeneous, having
low-temperature points where thermal decomposition of calcite cannot
occur (600-900 °C [17]), with an influence not only on the reactivity of
NHL, but also on its plasticity (related to mortar's workability), due to
the grain size and morphology of the unburnt calcite [18]. At the same
time, high temperature points known as hot spots might be present in the
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Fig. 1. A) Map of the Iberian Peninsula showing within the red box the location of sampling areas; B), C) and D) geological context of the sampled areas (Sierra Elvira,
Montefrio and Calicasas, respectively) modified from the Geological Map of Spain ArcGis Web map at a scale of 1:50.000 [44]. Sampling areas are marked by white
dashed rectangles. Black lines correspond to tectonic structures such as faults, thrusts, and fold axes. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

kiln, promoting the formation of high-temperature hydraulic phases,
such as alite (C3S, according to the cement notation) [19].

Overall, these factors influence the duration of the setting process of
natural hydraulic limes [2,20-25] and, therefore, the physical and me-
chanical properties of the final mortar [3,26].

It is evident that the chemical-mineralogical composition of raw
materials and manufacturing conditions in the kiln are two key aspects
for the correct classification of natural hydraulic limes. Notwith-
standing, the current European specifications on building limes (EN
459-1 [27]) does not precisely define chemical and mineralogical re-
quirements for raw materials but, instead, classifies these limes mainly
on the basis of the mechanical resistance of NHL mortars after 28 days of
curing. This implies that natural hydraulic limes with very different
compositional and textural characteristics may fall in the same NHL

class (NHL 2, NHL 3.5, or NHL 5 according to the EN 459-1 [27]), with
negative consequences on the expected behaviour on site.

The research carried out during the last decades has already high-
lighted the lack of chemical and mineralogical information in the clas-
sification of limes with hydraulic properties [7,13,28-33]. Moreover,
due to the widely recognised influence of the calcination process on the
reactivity of NHL [34,35], research studies have been extensively
focused at establishing a suitable temperature range to achieve optimum
NHL quicklime [7,33]. Nevertheless, little is known about the influence
of the slaking process in the final properties of natural hydraulic limes,
as this aspect has not been sufficiently addressed in literature so far.

Based on these premises, this research work seeks to promote an
increased knowledge on natural hydraulic limes, from the selection of
compositionally suitable raw materials to the achievement of an



C. Parra-Fernandez et al.

optimum manufacturing process for the obtention of NHLs that can be
clearly differentiated and classified. As a reference, the laboratory-
manufactured NHLs have been compared to two types of commercial
NHLs.

2. Materials and methods
2.1. Raw materials: sampling and characterization

2.1.1. Sampling areas

Raw materials from different outcrops in the province of Granada
(Andalusia, Spain) were sampled. These geological areas were previ-
ously identified by Rodriguez Avila [36] as potentially exploitable
outcrops to produce hydraulic binders based on the hydraulicity index
(HI, according to Boynton [37]). Thus, some of these outcrops had
already been exploited in the past for this aim, although today pro-
duction plants are not active anymore [38,39]. 56 samples were taken
from Sierra Elvira, Montefrio and Calicasas areas (Fig. 1). Geologically,
raw materials from Sierra Elvira correspond to levels of marl-limestones,
marls and nodulous limestones from the Domeriense-Toarciense, sili-
ceous marl-limestones and radiolarites from the Dogger, and limestones
and marl-limestones with flint from the Malm. Samples from Montefrio
are mainly pinkish marls and marl-limestones from the Senoniense-
Paleogene and light-coloured marls with turbidite levels from the
Oligocene. Those from Calicasas, in the Depression of Granada, are
mostly limestones, marls and marl-limestones from the Neogene
[40-43].

2.1.2. Chemical-mineralogical and petrographic study of raw materials

The chemical analysis of raw materials has been performed using X-
ray fluorescence (XRF), by means of a S4 Pioneer-Bruker wavelength
dispersive X-ray fluorescence spectrometer, with a Rh tube (60 kV; 150
mA), LIF200/PET/OVO-55 analyser crystals and gas-flow proportional
and scintillation detectors. Samples were ground and dispersed in po-
tassium bromide tablets before the analysis. Measurements were taken
in vacuum on rotating samples, in order to obtain a quantification of
major elements (expressed as oxides), used for the calculation of the
cementation index (CI) (Eq. (1)) and other chemical criteria set out in
previous scientific papers [1-4,37,45].

2.8 (%Si0z) + 1.1 (%AL03) + 0.7 (%Fe;03)

1
¢ (%Ca0) + 1.4 (%MgO)

(€8]

Qualitative X-Ray diffraction (XRD) analyses were carried out with
an X'Pert Pro Diffractometer equipped with continuous sample rotation
system using the disordered crystalline powder method. The experi-
mental conditions were as follows: voltage of 45 kV; current of 40 mA;
CuKa radiation (A = 1.5405 10\); explored area between 4° and 70° 26;
goniometer speed of 0.1° 20/s. Data were interpreted using the X'pert
Highscore Plus 4.9 software (Panalytical).

For the quantification of crystalline and amorphous phases in a se-
lection of suitable raw materials, 20 wt% of ZnO was added to the
powders as internal standard. Data were collected using a Bragg—
Brentano 0-0 diffractometer (Panalytical X'Pert Pro, CoKa radiation (A
=1.7889 A), 40 kV and 40 mA) equipped with a real-time multiple strip
(RTMS) detector (X'Celerator by Panalytical). Data acquisition was
performed by operating a continuous scan in the range 3-85° 260, with a
virtual step scan of 0.02° 26. Diffraction patterns were interpreted using
the X'Pert HighScore Plus 3.0 software by Panalytical, qualitatively
reconstructing mineral profiles of the compounds by comparison with
PDF databases from the International Centre for Diffraction Data
(ICDD). Then, mineralogical quantitative phase analyses (QPA) based on
the Rietveld method [46] was performed using the TOPAS software
(Bruker AXS, Karlsruhe, Germany).

The petrographic characterization was performed on selected sam-
ples according to the EN 12407 standard [47]. The equipment used was
a Carl Zeiss “Jenapol-U" polarized light optical microscope (POM)
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equipped with a digital camera (Nikon D7000) and the sections were
half stained with alizarin to distinguish calcite from dolomite.

2.2. Calcination and study of the obtained quicklimes

Raw materials selected on the basis of their CI were ground into
powder and calcined in graphite crucibles (109 x 95 x 61 mm®) in a
Hobersal JM22/16 kiln. Each crucible was filled with 50-60 g of sample
to prevent high concentrations of CO5 which could inhibit the formation
of calcium oxide. Based on preliminary experimental tests undertaken
on one of the samples, a calcination temperature of 1100 °C was
selected, in agreement with Valek et al. [7]. The calcination conditions
were as follows: heating ramp from 25 to 1100 °C of 2.5 h; gradient of
7.26 °C/min; dwell time at the maximum temperature of 2 h; cooling
stage in the kiln (from 1100 to 25 °C) of 24 h. In total, the calcination
process of each raw material took 28-29 h. Once taken out of the kiln,
calcined samples were qualitatively analysed by means of XRD, in order
to control the calcination process, and were subsequently preserved in
closed Eppendorf's tubes and then placed in sealed plastic bags, to pre-
vent reaction with H,O and CO5 from the environment during storage.
The Eppendorf's tubes were only opened for the analysis of the calcined
samples by QPA, according to the quantitative method described above.
The whole process of the XRD analysis, including sample preparation
and measurement, took around 10 h, time during which the quicklimes
were exposed to the laboratory conditions (RH = 60%; T = 20 °C).

High-resolution field emission scanning electron microscope (HR-
ESEM, FEI model Quanta 400) with EDS microanalysis (Bruker xFlash 6/
30 detector) were also used on carbon-coated samples to observe the
morphological and textural characteristics of the crystalline and amor-
phous phases developed in the quicklimes.

2.3. Slaking and study of the obtained NHLs

Slaking was undertaken by spreading each lime on a 2 x 30 x 40 cm®
sized tray and spraying water in a 1:1 ratio of calcium oxide:water
(amount calculated on the basis of the XRF data). The temperature rise
caused by the exothermic reaction (due to transformation of CaO into Ca
(OH),), was controlled by inserting a temperature sensor into the lime
powder. The lime remained in the form of powder during the whole
slaking process.

The evolution of quicklime to slaked lime was qualitatively moni-
tored by X-ray diffraction at different time intervals: immediately after
slaking and after 3, 5 and 7 days. Once stabilized, slaked samples were
kept sealed in order to prevent further hydration and carbonation and
were studied by means of XRD and QPAs.

3. Results and discussion
3.1. Study and selection of the raw materials

Raw materials from Sierra Elvira present the greatest compositional
variability (SiO2 = 4.34-76.87%, AlyO3 = 0.92-14.74%, FeyO3 =
6.91-43%, CaO = 3.89-51.90%, MgO = 0.31-3.31%, Supplementary
material 1). This is related to the fact that some of the limestone out-
crops are more quartzitic and others more clayey or marly [40,43].
Samples from Montefrio have a lower content in reactive oxides (SiOz =
2.99-20.10%, Al,03 = 0.49-2.49%, Fe,05 = 0.31-0.92%, Supplemen-
tary material 1) and less dispersed values of calcium and magnesium
oxides (CaO = 40.93-52.64%; MgO = 0.38-0.74%, Supplementary
material 1). Calicasas is the area with the lowest amount of reactive
oxides (SiO2 = 0.65-10.34%; Aly0O3 = 0.25-2.64%; Fey03 =
0.09-0.79%, Supplementary material 1) and the highest content in CaO
and MgO (CaO = 46.47-53.60%; MgO = 0.73-1.69, Supplementary
material 1). The mineralogy of all raw materials consists of calcite and
quartz with similar percentages of clays (mainly illite), sometimes with
plagioclase or feldspars and with dolomite and ilmenite as minor phases.
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Fig. 4. XRPD pattern of sample CA04 after slaking, detail of the angular range including the diffraction reflex of portlandite's (001) basal plane (highlighted in
maroon and cyan). The smaller peak (highlighted in grey) is related to the diffraction reflex of hydrogarnet's (211) plane. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

can be present from 850 °C upwards [53]. Both are minor hydraulic
phases frequently found both in laboratory-made NHLs and in some
commercial varieties, when their raw materials have aluminium and
iron contents of 1.23-4.02% and 0.43-1.50%, respectively
[13,30,54,55].

Gehlenite (CapAl(SiAl)Oy7, C2AS) and bredigite (CayMg(SiO4)4) are
present only in some of the samples from NHL5 and Limit-NHB groups.
Gehlenite is a calcium aluminium silico-aluminate that is formed at
temperatures below 1200 °C [5]. In this study, it only formed in silica-
rich samples (>14.30% of SiO2) with Al,O3 and Fe;O3 contents be-
tween 0.94 and 3.94% and 0.43 and 1.86%, respectively. Gehlenite is
considered, together with larnite, the main mineral phase of NHLs [5],
and it has been detected in NHLs produced in other research studies
[7,32,33], sometimes associated with &kermanite (CasMg(Si207)), a
magnesium-rich non-hydraulic phase, forming a solid solution series in
which magnesium is gradually replaced by aluminium [56]. In this
study, although the presence of dkermanite, which can also be produced
from wollastonite in MgO-rich systems, has not been detected [57],
significant percentages of bredigite (Cay;Mg(SiO4)4) have been found,
mainly in association with gehlenite.

Bredigite is a high temperature mineral phase, generally considered
non-hydraulic or of very slow hydration [58]. It has been found as a
constituent of some slags [59], associated with the decomposition
sequence bredigite-gehlenite-diaspore [60]. This phase is also found in
cement clinkers [61,62], and there is much controversy about its min-
eral paragenesis, as several authors consider it as polymorph of larnite
[59,63,64] while others associate it with gehlenite and spurrite (Ca5
(Si04)2CO03), a stable carbonate under conditions of high CO, concen-
trations and sufficient calcium silicate content [65].

The reactive silica that generated the above-mentioned hydraulic
phases did not originate only from the clay fraction of the raw materials,
but also from the microcrystalline quartz previously considered non-
reactive. In sample SE24, quartz is partially transformed into its high-
temperature polymorph cristobalite, whilst only in samples SE23 and
SE24, those with the highest quartz content (>18%), belonging to the
Limit-NHB group, wollastonite (CaSiO3) was formed. This mineral has
been previously detected in NHLs, and it is considered a non-hydraulic
phase [7].

Furthermore, in some of the NHL5 samples, crystalline Ca-AFm
phases belonging to the family of hydrated calcium aluminates (based
on the hydrocalumite-type structure 4Ca0-Aly03-13-19H,0 [66]) are
found. In the refinement procedure, these phases are best fitted with the

structure of calcium monocarboaluminate (CACH [67]), a hydraulic
mineral phase detectable in well hydrated pastes [68], and also
frequently found in ancient materials with pozzolanic activity [69-71].
Although not all AFm phases are stable, several of them are persistent in
pastes even at long curing times, and carbonate AFm phases are ther-
modynamically more stable than hydroxylated phases [66,67].

Periclase (MgO) has been detected in some samples, likely formed
from Mg-containing mineral phases in the raw materials, such as mag-
nesium carbonates (e.g. dolomite (MgCa(CO3)3) and/or phyllosilicates
(e.g. illite (K,H30)(ALMg,Fe)2(Si,A1)4010[(OH)2,(H20)] [72]), both of
them present in some of the raw materials studied. The fact that the
content of MgO formed is not proportional to the Mg quantified in the
raw material by XRF might be due to the heterogeneity of the rock itself.
The presence of MgO in NHL may promote the formation of hydrated
magnesium silicates (M-S-H [73]), which have been investigated
recently for their binding capacity [74,75], as they seem to be respon-
sible for the hydraulic features of Roman mortars [70], together with the
better-known hydrated calcium silicates (C-S-H).

Samples belonging to the Limit-NHB group are characterized by
distinctive mineralogical features. SE23 and SE24, whose CIs are higher
than the upper limit established for natural cement, are characterized by
the absence of lime formation after calcination, with the sole occurrence
of silicate phases (mostly non-reactive) as a consequence of their high
silica content. SE18, which has a CI value falling in the NHL5 group, is
characterized by the occurrence of other phases such as calcite, por-
tlandite and hydrogarnet (CazAly(O4Hy)3), a mineralogical assemblage
more similar to NHL5 than to natural cements. This finding confirms
that the cementation index is a valid tool for the estimation of the degree
of hydraulicity of the raw materials to be used for the production of
natural hydraulic binders, in accordance with previous studies
[7,13,29,30,33,45,76,77].

The presence of calcite in the quicklimes is something to be high-
lighted, considering that the calcination temperature is above the ther-
mal decomposition range of this mineral phase [17] and the quicklimes
had not been exposed to ambient CO,, except for the time taken for
sample preparation and XRD analysis (see Section 2.2), during which
samples might have suffered carbonation. It is also possible that, due to
the low power of the kiln extraction system, calcite have not been
completely decomposed or post-carbonation reactions of quicklime in a
COy-rich atmosphere have been produced [16,78]. This is not an un-
common process when obtaining NHL in laboratory muffles instead of
industrial furnaces, because the released CO, reacts back with calcium



C. Parra-Fernandez et al.

Table 4

Mineralogical composition (estimated standard deviations are reported in brackets) and chemical composition of the main reactive oxides of Saint Astier's NHL2 and NHL5 commercial limes.

Chemical composition (%)

Mineralogical composition (wt%)

Sample

CaO CI

MgO

Al,O3 Fe,03 Total

SiO,

Amorphous

C3S C3A Quartz

C2S

Portlandite disordered

Portlandite

Calcite

(SiO3 + Al,O3 + Fey03)

64.68 0.41

0.87
1.12

10.81
16.64

0.52
0.65

1.24

1.73

9.05
14.26

1.59 (0.01) 1.80 (0.01) 2.64 (0.02) 13.27 (0.88)
2.64 (0.02) 2.98 (0.02) 23.37 (0.68)

8.90 (0.06)

13.44 (0.11)
15.18 (0.10)

11.74 (0.09)
9.29 (0.06)

24.42 (0.19) 31.10 (0.24)
6.38 (0.04)

31.27 (0.21)

SA-NHL2

0.68

60.28

SA-NHL5
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oxide [16,78] or even with other reactive oxides to form carbonates. As
an example, Kozlovcev & Prikryl [30] have obtained spurrite
(Cas(Si04)2C03), a carbonated calcium silicate.

Special attention must be given to the identification of a fraction of
disordered portlandite in the quicklimes (Table 2), characterized by
mean crystallite sizes lower than 20 nm. It is interesting to notice that
portlandite was not detected in the quicklimes qualitatively analysed
right after calcination (see Supplementary materials 2, 3, 4 and 5), but it
was present in the quicklimes analysed by QPA (Table 2). These data,
although apparently discordant, are showing that during samples
preparation and QPA analysis (process that lasts around 10 h in contrast
to the 15 min duration of qualitative XRD analyses) quicklimes undergo
a partial slaking, due to simple exposure to the laboratory conditions
(RH = 60%; T = 20 °C). This result is remarkable for two reasons: i) it
indicates that hydration of CaO into Ca(OH); occurs without the need of
adding water to the quicklime, and ii) portlandite formed under these
conditions shows a disordered crystalline structure, potentially leading
to a higher reactivity towards carbonation.

In a similar way, in the quicklimes analysed by QPA, the trans-
formation of C3A and C4AF into hydrogarnet [79] has been observed,
suggesting that also a partial hydration process occurs during sample
handling.

Finally, the amorphous fraction found in all samples is to be ascribed
to paracrystalline/amorphous components of the reactive phases,
although a partial correlation to the occurrence of hydrated hydraulic
phases (mainly C-S-H) cannot be excluded, given the aforementioned
presence of hydrated phases such as hydrogarnet. It must be highlighted
that, if calcium silicate hydrates are formed, is also likely that part of the
disordered portlandite comes from the hydration reaction between the
Ca0-SiO, system and water that leads to the release of C-S-H and Ca
(OH), [68].

Fig. 3 shows the results of the PCA performed on the quantitative
mineralogical profiles of the quicklimes (Table 2), after excluding the
non-reactive (calcite, quartz, cristobalite, wollastonite and gehlenite)
and hydrated (portlandite, AFm and hydrogarnet) phases. In this figure,
the first two components have been plotted, representing 69.67% of the
total variance.

Samples cluster in the same way as in the raw materials, thus indi-
cating that the chemical and mineralogical composition of the raw
materials is directly related to the mineralogy they develop after
calcination.

More in detail, samples of the NHL2 group, whose raw materials had
the highest calcite contents and the lowest amounts of iron and
aluminium oxides, show a predominance of crystalline calcium oxide.
The sample defined for the manufacture of NHL3.5 still shows inter-
mediate values between NHL2 and NHL5, and samples in the NHL5
group show, as expected, a high content in hydraulic phases. Finally,
samples from Limit-NHB group are still grouped, although only SE18
was the only one to develop quicklime.

3.3. Study of the slaking process

During the slaking process, the highest temperatures recorded were
96 °C in sample CA04 (NHL2 group), followed by samples SE10 (NHL3.5
group) and SE13 (NHL5), both with a maximum temperature around
75 °C. This is in agreement with the initial calcite and calcium oxide
content of their respective raw materials (Table 1). The exothermic re-
action of these samples occurred immediately after the water addition
and with an associated volume increase.

In remaining samples moderate exothermic reactions occurred with
temperatures reaching an average of 40-45 °C, except for samples SEQ7
(from NHL5 group), SE23 and SE24 (from Limit-NHBs), only reaching
28 °C. These least reactive samples showed a temperature rise only after
10 min, and hardly changed their volume. Indeed, null to little lime
(Ca0O) was present in these binders after calcination (Table 2), and
therefore portlandite was not formed, also due to the high content of
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Fig. 5. HR-ESEM images of: A) one of the slaked limes from NHL5 group and B) Saint Astier's NHL5, with their respective EDS spectra and relative percentages of
each element identified. The analysed area is marked with a yellow rectangle. (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)

reactive oxides (Aly03, SiO, and/or Fe;03) that hindered or reduced the
free lime content.

After slaking, all samples showed a total consumption of calcium
oxide, with a clear occurrence of two populations of portlandite, a
crystalline and a disordered one, characterized by significantly different
mean crystallite sizes (higher than 100 nm and lower than 20 nm,
respectively (Table 3)), as indicated by the complex articulation of the
diffraction reflexes with two convoluted pseudo-gaussian distributions
(Fig. 4): the larger one (highlighted in maroon) is related to a disordered
portlandite fraction, while the sharper one (highlighted in cyan) is as-
cribable to a highly crystalline component.

Considering that only disordered portlandite was found in the
quicklimes analysed by QPA, it is evident that standard slaking has given
place to a more crystalline portlandite structure. This fact is worth to be
highlighted, as it will influence the reactivity of the aerial part of NHL
towards the carbonation process.

The influence of the air exposure of quicklime on the hydration of
calcium oxide was already highlighted by Potgieter et al. [16], who
affirmed that air slaking, among other factors, significantly reduces the
slaking capacity of air lime. However, it must be noticed that in Potgi-
eter et al.'s study [16], limes were subjected to prolonged periods under
humid atmospheric conditions, which promoted the appearance of an
external layer of calcium hydrate and/or calcium carbonate on the
surface of the quicklime particles that might have been hindered further
carbonation of the lime, thus reducing its reactivity.

Furthermore, mineralogical analyses on the slaked samples highlight
a significant decrease of all main hydraulic phases (CaS, C3S, C3A and
C4AF) with respect to their calcined counterparts, with a correspondent

increase of hydrated calcium aluminates (hydrogarnet and Ca-AFm, the
latter characterized by two populations, a disordered and a crystalline
one, with differentiated mean crystal sizes). Such evidence is a strong
indication of the hydration tendency of hydraulic phases during the
slaking process, and this hypothesis is further corroborated by the
relevant increase in amorphous phases, likely ascribable to para-
crystalline fractions of hydrated compounds, in particular C-S-H, often
characterized by the lack of long-range crystalline ordering [80].

Finally, the exposure of samples to CO5 during slaking explains the
partial carbonation of portlandite into calcite and aragonite, the latter
polymorph probably formed due to the high temperatures reached
during slaking.

3.4. Overadll evaluation of the laboratory-manufactured NHLs and
comparison with commercial NHLs

Once in their final form, the laboratory-manufactured NHLs need to
be evaluated according to the chemical requirements established by the
European specifications [27], among them, the minimum content of free
lime (expressed as Ca(OH)2), which must be: >35% for NHL2, >25% for
NHL3.5, and > 15% for NHL5. This amount was calculated from the
total content of portlandite (crystalline and disordered) of Table 3. In the
first group, only sample CA04 gives a NHL2 that complies with the
chemical requirements, as Ca(OH); in this lime is 55.53%. In the other
two limes belonging to the NHL2 group, the content of Ca(OH); is
slightly lower than 35%: 25.2% in MF03 and 31.26% in SE27. However,
the high CaCO3 content in these limes might explain a lower amount of
Ca(OH); than expected, as the latter could have suffered a partial
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carbonation during sample handling. The same can be interpreted for
sample SE10, giving a NHL3.5 with only 15.91% of Ca(OH), but with
>18% of calcite; and for sample SE08, giving a NHL5 with 6.85% of Ca
(OH); and 11.32% of calcite. Only two of the NHLs produced, SE07 and
SE13, both from the NHL5 group according to the cementation index of
the raw materials, do not comply with the minimum content of free lime,
as even though the content of calcite is summed to that of portlandite,
their sum does not reach the required 15% (the sum is 10.86% in SE07
and 5.91% in SE13). From the group of limit-NHB, sample SE18 contains
15.66% of Ca(OH)y (which could be even higher if we consider the
additional 15.72% of calcite in this binder), factor that allows it to be
placed in the NHL5 group, also considering the similar content in CyS of
this sample compared to samples from the NHL5 group.

The chemical-mineralogical data of the NHLs obtained in this study
were also compared with those of the NHL2 and NHL5 purchased from
the French company Saint Astier (SA-NHLs). SA-NHLs (Table 4) are
composed of calcite, portlandite, calcium silicates (C2S and C3S) and
calcium aluminates (C3A), quartz and amorphous phases. As in slaked
NHLs (Table 3), also SA-NHLs contain both ordered and disordered
portlandite, suggesting that commercial NHLs from Saint Astier might
also have undergone an air exposure period before slaking that led to the
formation of a fraction of calcium hydroxide with low crystallinity.

A general difference among our samples and commercial NHLs is the
high calcite content in the latter (24-31%), part of which might have
formed due to carbonation during sample handling (as in the laboratory-
manufactured NHLs). As industrial kilns have powerful extraction sys-
tems, this cannot be explained by the occurrence of re-carbonation re-
actions. Given that the calcination temperatures reached at the Saint
Astier factory do not exceed 950 °C [81], it is more likely that low-T
points were generated in the kiln, which would explain the presence
of unburnt calcite in all SA-NHL, and the formation of the low temper-
ature silica polymorph, tridymite, in SA-NHL5. Inhomogeneities in the
operative temperatures of the industrial kiln would also support the
higher C3S amounts (especially in SA-NHL5 sample) with respect to the
experimental samples, likely related to the establishment of localized
high-T points.

Other relevant differences between our experimental samples and
the reference commercial products are related to the amount of hydrated
calcium aluminates, since hydrogarnet content is systematically lower in
the limes from Saint Astier, and AFm phases are absent. This evidence
should not be related to a lower degree of hydration of the hydraulic
phases during slaking, since amorphous content is relevant in both the
commercial products, leading to hypothesise a significant occurrence of
paracrystalline hydrated phases (mainly C-S-H) even in these NHLs. It
should be instead related to the chemical composition of the raw ma-
terials employed in the Saint Astier production plant, characterized by
lower alumina and ferrite content with respect to our experimental
products (Table 4, Supplementary material 1), and thus less favourable
for crystallization of calcium aluminoferrites during the firing process.

The mineralogical differences between laboratory-manufactured and
commercial NHLs were greater when comparing limes from the NHL5
group. Our NHL5 contains periclase, brownmillerite (C4AF), gehlenite
and bredigite, not present in SA-NHL. These mineralogical differences
might be justified considering the compositional differences of the raw
materials used and/or differences in the manufacturing process
(different calcination temperatures and dwell times).

To understand the effect of the calcination temperature in the
development of mineral phases, calcination tests were carried out at
different temperatures on only one of the 10 samples studied here
(SE08), selected randomly. Calcination temperatures were: 950 °C, as it
is the temperature used in Saint Astier factory [81]; 1100 °C, the most
accepted calcination temperature according to Valek et al. [7] study;
and 1250 °C, the upper limit before the triggering of relevant sintering
processes [5]. Calcination tests were performed with heating ramps of
about 7 °C/min and dwell times of 30 min in the kiln.

In agreement with previous studies by Valek et al. [7], the XRD
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analyses performed on the obtained quicklimes indicated that the higher
the temperature, the higher the content of hydraulic phases, with a
significant lowering of the calcite content (see Supplementary material
6).

Furthermore, spurrite was detected at all the calcination tempera-
tures, as in Kozlovcev & Prikryl [30], confirming the theory of back-
reactions in which the released CO, reacts with reactive oxides [78].

The sample used for the calcination tests showed also the occurrence
of iron-bearing hydraulic phases (rankinite (Ca3Si;O;, C3S2) and
andradite (CasFeo(SiO4)3)), which turned the colour of the obtained
quicklime darker (mostly brownish, Supplementary material 6). Ran-
kinite is a non-hydraulic phase, although it can enhance carbonation
reaction at low water/solid ratios, leading to the formation of calcite/
vaterite and polymerised silica gel [82]. Andradite is a garnet formed
from the combination of Ca, Si and Fe oxides that can form in geo-
polymerisation processes when slags are used [72]. Iron-bearing min-
eral phases were not found in commercial SA-NHLs, suggesting that
their formation is not favoured at 950 °C.

Through SEM-EDX analyses, it is possible to observe the morphology
of laboratory and commercial NHLs and to confirm the elemental
chemical composition of many of the mineral phases determined by
XRD. It is worth highlighting the small size of the calcium silicates (<2
pm), mainly CyS according to the Ca/Si ratios (Fig. 5). A small particle
size could trigger a higher reactivity of CoS towards water, due to a
higher specific surface area, which would explain the presence of hy-
drated phases both in the stored quicklimes and in the slaked products. A
fact that might not occur in all hydraulic binders, as is the case of
Portland cement, where dicalcium silicate particles, characterized by
average dimensions between 20 and 40 pm [53], undergo a very slow
hydration process, which is the responsible for the late development of
mechanical strength in this binder.

4. Conclusions

This study confirms that some of the investigated outcrops in the
province of Granada (Andalusia, Spain) are suitable for the manufacture
of natural hydraulic limes with different hydraulicity degrees.

The selected raw materials satisfied the required cementation in-
dexes and reactive oxides contents for the development of hydraulic
phases. The sources of silica were both clay minerals and microcrystal-
line quartz, confirming that not only clayey limestones but also siliceous
ones are suitable for the manufacturing of NHLs.

Moreover, it should be noted that the heterogeneity of the outcrops
(some more quartzitic, others more clayey and others more calcareous)
might limit the extraction areas, making the selection of raw materials
more complex from an industrial point of view.

This study confirms that the hydraulicity and reactivity of natural
hydraulic limes strongly depend on the chemical-mineralogical
composition and textural characteristics of the raw material and on
the calcination conditions in the kiln.

Regarding the slaking process, it was found that NHL quicklimes (i.e.
after calcination) undergo a natural slaking process through even short
periods of air exposure, leading to the formation of a more disordered
and potentially more reactive portlandite fraction compared to that
formed during slaking by addition of water. Furthermore, it has been
demonstrated that “passive slaking” by air exposure reduces the unde-
sired reaction of some of the hydraulic phases, which have been found to
suffer a partial hydration during standard slaking. Despite a partial re-
action of the aluminoferritic phases into AFms and hydrogarnet seems to
occur even under air exposure conditions, the hydration of dicalcium
silicate (C2S) can be reduced if standard slaking is not performed.

The limitations of this research study (i.e. the use of local raw ma-
terials does not enable to manufacture the same NHLs in other localities
and/or geographic areas; and the heterogeneity of the rock outcrops and
raw materials themselves might lead to different NHLs) are certainly
overcome by the fact that it lays the basis for future research on NHL.
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Further studies on the influence of different conditions of “passive”
slaking of the quicklime (e.g. air exposure under different relative hu-
midity values) on the reactivity of the final NHL are needed to define
optimal manufacturing conditions. In particular, it is necessary to
investigate if the disordered portlandite formed during air exposure is
due to the hydration of CaO or is generated after reaction of C,S with
water to form C-S-H and Ca(OH),.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.cemconres.2024.107631.
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