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Abstract

The degree of calcination of a dolomitic and a calcitic marble from Thassos Island,
was investigated, by combining both Raman spectroscopy (RS) and X-Ray diffrac-
tion (XRD) techniques. The samples were prepared in isometric 2 cm cubes and cal-
cined at three different temperatures, 900, 1050 and 1200 °C for 2 hours in order to
produce quick lime. RS was applied at the lime sample’s surface and inner (near
core) part after gently crushing. XRD was applied on the bulk rock specimens in or-
der to verify the transformation process during heating of the raw material. Quality
control of the applied calcination procedure is provided through the hydration of
quick lime. The rise in solution temperature suggests the chemical “reactivity” of
the produced slaked lime. Raman and XRD results revealed the presence of un-
burned quantities of calcite and dolomite on samples that were calcined at 900 C.
Furthermore, temperatures of 1050 and 1200 °C have shown comparable minera-
logical features signifying evenly the conversion of carbonate minerals to their ox-
ide equivalents, proving the completion of the calcination process. Finally, reactiv-
ity tests showed that the highest reactivity value of the produced quicklime, for both
marbles is observed at the temperature of 1050 °C.
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Mepidnyn

2TV Topodoa EpYAcIo. YPHROIULOTOLMVTOS TIC TEYVIKES THS QaouoTookonios Raman koi
s mepiblaons axtivov X ueletiooue v eléMln s  aoPeatomoinons  dvo
oVOPAKIKWOV TETPOUCTOV (OOLOUITIKO KI QOPETTITIKO UGPUAPO) TOD TPOEPYOVIAL OTTO
70 vnoi s Odoov. Ta Jdelyuato xomnroay oe koOfovg uéong oxuns 2 cm koi
aofiearomomOnrayv yio 2 h oe tpeic diapopetikés Oepuorpaocics ynong (900, 1050
kar 1200 °C). H paouarookormia Raman epapudotnke ota aofetomomuéve dokiuia
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17000 TNV eEWTEPIKN EMPAVELL OO0 KOI OTO ECWTEPIKO TOVG UETA OTO Opavoy, ue
oxoro v wapatipnon e eléhiéng e aofeotomoinons and 1o EwTePIKd TPOS TOV
eowtepikd mopnva. H mepiBlaon axtivov-X okomo eixe vo emifefoiwoer Ti¢
TOPOaTNPHOELS THS PaouoTookoriog Raman ato ocdvoio tov aofeotomoinuévon viikod.
Yroloyiooue t dpactixotnro twv acfeotomoinuévav dokiuinv ue okomo vo. Eyovue
&vo. pétpo g  moiotnrog TV whuévwv vlikwv. To amoteAéouaro TtV
POCUATOTKOTIKODV TEYVIKMV OEIYVOLY THY TOPOVTio. AwnTov LAIKOD (aofeotitn kai
dolouitn) o€ detyuota mov TPOEpyovial amo ) youniotepn Bepuoxpacio Eynong twv
900 'C. Zuig Gepuoxpacicc twv 1050 ko 1200 °C doamordOnke n mapovoio pévo
oleldiwv yeyovog mOv VEOONADVEL TS 1 Ol0OIKOCLO, THG OOPECTOTOINONG Exel
olokAnpwBei. Ao to. amoteAéouaTo THG OPAOTIKOTNTOS TPOKVTTEL TS Ol VYNAOTEPES
tuéc mapovaialoviar oty Gepuokpacio. éynone twv 1050 °C, mov onuaiver ot oe
vt ) GepuoKpacio TopayETaL 0 TOLOTIKOTEPOS OOPETTHG.

Aéeig klerdwa: Aofnorog acpéotng, Paouorooxonio Raman, IepiBlaon axtivwv X,
Ocpuorpooio Eynong, Apocrikotna.

1. Introduction

Lime is the most frequently used material in construction application, ever since prehistorical
times. Lime refers to calcareous rocks derivatives after calcination, such as quick lime (CaO) and
slaked lime (Ca(OH),). Both forms have several uses and are used in many industries to neutralize
acid waste, and as causticisers in the pulp and paper industry, as flux in the steel industry, in road
stabilization, in gold recovery and in environmental applications (Triantafyllou & Manoutsoglou,
2004). The most abundant type of calcareous rocks is limestone, marble, travertine, chalk, coquina,
tufa, stalactites and stalagmites. Marble is the most common metamorphic rock formed under high
pressure and temperature of sedimentary carbonate rocks, most commonly of limestone or of
dolomitic rock and is composed of recrystallized carbonate minerals, most commonly calcite and
dolomite. Its principal uses are in construction, in interior decoration and in sculpture.

Quicklime production is based on carbonate calcination and of subsequent hydration of quicklime
(slaking) through the following reactions:

CaCO;(s) + heat — CaO (s) + CO, (1)
CaO (s) + H,O (1) — Ca(OH), (2)

In case of dolomite the following reaction is considered:

CaMg(COs), (s) + heat — CaO (s) + MgO (s) + CO, (3)

In this study we compared two quicklimes, a calcium lime and a dolomitic lime, derived from the
calcination of carbonate rocks with different composition, a Ca-rich and a Mg-rich marble,
respectively. In particular, the studied samples were calcined at 900, 1050 and 1200 °C and the
products were hydrated in order to produce slaked lime (reactivity test). We studied the produced
quicklime’s in terms of Raman Spectroscopy (RS) and X-ray diffraction (XRD) analyses. The goal
of the current study is to use RS and XRD in order to quantify the quality of calcination in terms of
conversion of the carbonate minerals (calcite, dolomite) to their calcined equivalents (lime,
periclase).

2. Geology of Thassos Marbles

Thassos Island (Figure 1) belongs to the Rhodope Massif, which is located in Northern Greece,
between Strimona and Evros rivers. The lithology of Thassos is mainly composed of marble
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Figure 1 - Modified Geological map of Thassos Island and sampling locations (Source:
http://www.geocaching.com).

complexes, ortho- and paragneisses, as well as amphibolites (Bestmann et al. 2000). These marble
complexes are known as the Falakron Marbles. They are composed almost purely of calcite, with
rare quartz and dolomite crystals (De Wall et al. 2000). They are up to 500 m thick and are
separated from the underlying gneisses by a transition zone of about 300 m thick consisting of
alternating dolomitic and calcitic marbles, intercalated by schists and gneisses.

3. Analytical Methods
3.1. Raman Spectroscopy

Raman spectroscopy is a technique used to observe vibrational, rotational, and other low-
frequency modes in a system. It relies on inelastic scattering (the Raman scattering) of
monochromatic light, usually from a laser in the visible, near infrared, or near ultraviolet range. It
offers several advantages for microscopic analysis. For example, it does not require sample
preparation, therefore specimens do not need to be fixed or sectioned, although flattened surfaces
give better-resolved Raman spectra. It is also a non-destructive technique that produces
characteristically distinct spectra, easing the identification of mineral phases, even mineral

polytypes.

We used the RM1000 Ramascope microRaman system from Renishaw. This is based on optical
microscope from Leica attached to a spectrometer with a grating of 1800lines/mm and an entrance
slit of 50pm. The laser system used is a HeAr laser at 632.8 nm with the energy at the focus point
on the sample not exceeding 7 mW, when the x50 objective lens is used. With this lens, the spot
size is about 4um. Spectra acquisition is performed on a peltier-cooled CCD camera. During the
analyses, the spot size was deliberately varied by changing the focus on the sample in order to
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sample more area, therefore more mineral phases. A combination of the WiRE software from
Renishaw and the Grams spectroscopy software from Thermo Scientific was used to store and
manipulate the spectra.

3.2. X-Ray Diffraction

X-Ray Diffraction is a destructive technique, which is used to characterize and identify the
crystallographic structure of natural and manufactured materials. It is one of the most powerful and
well-established techniques for qualitative and quantitative analysis of crystalline compounds
(Zussman, 1967).

The preparation of the specimen requires powdering in sizes between 0.1 pum and 40 pm. The
XRD system used is the D8 from Brucker. X-rays are produced from a copper lamp operated at
40kV and 40mA, and the slit sizes used are of 1 mm. Both the Raman system and the XRD
instrument are property of the National Technical University of Athens, School of Mining and
Metallurgical Engineering.

4. Sampling Areas - Petrography of Samples

For the purposes of the current study, we used two different marbles (Laskaridis et al. 2000): a
dolomite-rich (L1), and a calcite-rich (L2), both from the area of Thassos island. Sample L1 was
taken from Tsipoptsi Limenas location. Its commercial name is Thassos Lienas White- Prinos. The
second sample (L2) was taken from Stavrolagkada Theologou location. Its commercial name is
Crystallina Theologou Thassou. Both marbles are coarse-grained with granoblastic texture.
Sample L1 has a grain size ranging from 0.1-2.0 mm whereas sample L2 has a grain size varying
from 0.1-3.0 mm. The predominant mineral phase in L1 is dolomite (94 %) and in L2 calcite
(95 %).

5. Experimental Work - Methodology

Isometric 2 cm cubic-shaped samples from each marble were calcined in a furnace at three
different temperatures, 900, 1050 and 1200°C for 2 hours in order to produce quick lime on a
laboratory scale. Similar procedure has been followed by Kantiranis et al., (1999) and Kantiranis
(2001). After calcination, the quicklime cubes were stored in a dryer for 24h in order to cool
evenly down to atmospheric conditions.

We applied Raman spectroscopy, analysing the exterior (at the surface) and interior (near core)
part of the cubic samples. X-ray diffraction was applied on the bulk rock specimens in order to
verify the mineral transformation process during heating of the initial material.

For reactivity measurement we used the suitably modulated arrangement that is shown in Figure 2.
The quick-lime sieved for 5 min in a mechanical mortar down to a size of ~90 um.

This arrangement is based on the European standard examination method of structural lime EN —
459:2 (2010), which is typically a calorimeter setup. It requires a Dewar vessel that is enclosed in a
container with adiabatic walls so that heat loss is minimum. A high-accuracy thermometer is
firmly immersed into the Dewar vessel. The device also includes a mechanical stirring system.
Temperature readings are acquired from the digital thermometer connected to a computer through
acquisition hardware and software.

Quality control of the applied methodology is provided by the reactivity tests. A lime/water = V4
ratio was used at ambient temperature (~20 °C) to produce hydrated lime through the highly
exothermic reaction #2. The chemical “reactivity” of the produced slaked lime and, ultimately, the
quality of the calcination process, is inferred by the rise in temperature of hydration reaction.
Acquired data where used to produce slaking curves for the three temperatures of the experiment
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Figure 2 - Experimental arrangement for reactivity lime measurement (before CaO setting).

for each calcined sample. Three methodologies were used for the quantitative definition of the
reactivity. These are:

Methodology 1: According to the EN459-2:2001 standard, the reactivity requires the definition of
the maximum temperature of the reaction reached by the water-lime system. Then, the reactivity is
equal to the temperature given by the formula 80%*T ,,,+20%*T},, where Tp.x is the maximum
measured temperature and Tj, is the initial temperature of the water (before the reaction starts).

Methodology 2: The simplest methodology of the quantitative definition of the reactivity is
described in Baziotis et al. (2011). More specifically, the reactivity is computed as the difference
between the maximum temperature that has been measured inside the water from the initial
temperature of the water before the reaction.

Methodology 3: In this model, the reactivity parameter Rppy is considered which results from the
division of 2400 (40°C x 60 sec/min) by the time (in sec) required so that the temperature reaches
60°C (Potgieter et al. 2002). The reactivity of lime, based on the Rp parameter, is divided into
three categories: highly reactive lime Rppn>30, reactive lime 10<Rpn<30, and unreactive lime
Rp<10. Actually, this model reflects the kinetics of the reaction, and how fast the material will
react with the water so that it modulates the respective value of reactivity (Rp).

6. Results and Discussion

6.1. Raman Analysis

Raman spectroscopy applied in order to study possible variations of the degree of calcination in
the external and the internal volume of the samples. Thus, RS evaluates the quality of the calcina-
tion process using the modal of calcite, dolomite, lime and periclase in the sample. Figures 3 and 4
show spectra from the outer and inner volume of the cubic samples. Representative spectra are
selected from a large number of analyses in order to better demonstrate the full range of transi-
tion/final products.
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Figure 3 - Raman analyses for sample Q1 (dolomite-rich), showing acquired spectra from its
interior (left) and its surface (right).

Figure 4 - Raman analyses for sample Q2 (calcite-rich), showing acquired spectra from its
interior (left) and its surface (right).

Periclase (MgO) and Lime (CaO) crystallize both in the cubic system, with a the crystal lattice
similar to the cubic arrangement of Sodium Chloride’s (NaCl) structure (Boynton 1980); the latter
forbids first-order Raman spectrum as it possesses inversion symmetry (Schlecht and Bockelmann
1973). It is therefore, not possible to detect MgO (or CaO) from the Raman spectrum (Sharma et
al. 1991). Thus remain controversial in the literature the assignment of the observed Raman bands.
Following Walzak et al. (2001), indeed Raman spectrum is due to second-order scattering but the
defects in the micro-crystals could make them occasionally available as first-order bands. Further,
the authors identify slight shifting of the peaks using different exciting sources (green to red laser
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excitation source) due to fluorescence; the latter has vibrational structure with a characteristic
spectrum for both defects in the microcrystals and crystalline lattice itself.

The broad peak at ~1085 cm™ is assigned to the presence of un-burned material. This is indicated
by the presence of calcite and dolomite that remained in large quantities from the initial carbonate
precursors. The non-conversion process is strongly influenced from the location of the Raman spot
and the calcined temperature. It is reasonable as soon as, the mineral dissociation is evolved from
the outer to the inner through certain heat paths.

At 900 °C the conversion from carbonate to lime is incomplete. However, at temperatures of 1050
and 1200 °C, Raman spectroscopy shows similar to each other mineralogical features, signifying
the complete conversion of carbonate minerals to their oxide equivalents. In particular, the princi-
pal bands at ~1500 (narrow peak) and 1930-1940 cm', assigned to alkaline-earth oxides (CaO and
MgO), but due to aforementioned reasons (fluorescence vibrational structure, similar Raman spec-
tra from both Ca- and Mg-rich quicklime) we are unable to assign the peaks either to CaO or MgO.

6.2. XRD Analysis

Results similar to the Raman analysis, are obtained from the bulk analysis of the XRD analysis
(Figure 5). In particular, at 900 OC the un-burned carbonate minerals (calcite and dolomite) varies
from 35 to 65 %, for the dolomitic and calcitic marble, respectively. At 1050 and 1200 °C after 2
hours of firing, the oxide calcium and magnesium minerals (CaO and MgO for the dolomitic, and
CaO for the calcitic marble respectively) dominate in the calcined samples, approaching values of
100 %.

Figure S - XRD analyses of Q1 (left figure) and Q2 (right figure) samples for different
calcination temperatures (900, 1050 and 1200° C).
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6.3. Reactivity Test Analysis

From the above results we applied the reactivity test method. The hydration reaction shows that
the optimum reactivity value is observed at the temperature of 1050°C (Table 1).

Table 1 - Reactivity values of Q1 and Q2 samples at temperatures 900, 1050 and 1200 0C

Sample 900°C 1050°C 1200°C Qualitative definition
22.78* 58.67 51,90
Q1 39.66 ** 67.4 61,33 “Inactive lime
K 3.37 241
24.15 58.49 44,96
Q2 41.07 66.47 55,86 "Highly reactive lime
- 48 1.78

*: Reactivity computed according to Baziotis et al. (2011)

**: Reactivity computed according to EN459-2 standard

**%: Reactivity computed according to 12485 standard of 1996 (European Norm En 12485)

+: Characterization of lime for 1050°C temperature that is based on following breadths: >30 very ef-
fective lime, 10-30 effective lime, <10 inactive lime according to 12485 standard of 1996 (European
Norm En 12485)

Also, Figures 6 and 7 provide identification of the various regimes (e.g., Commandr¢ et al., 2007)
of the hydration process over time. Furthermore it is clearly shown that the optimum temperature
for both dolomitic (Q1) and calcitic (Q2) marbles is that of 1050 °C. Furthermore, the presence of
magnesium plays an important role in the hard-burnt development (at 1200 °C) showing a “delay-
ing” slaking curve due to late hydration (Figure 7).

Figure 6 - Slaking curves in lognormal scale for magnesium-rich marble that came from
three heating temperatures at 900, 1050 and 1200 °C.
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Figure 7 - Slaking curves in lognormal scale for calcium-rich marble that came from three
heating temperatures at 900, 1050 and 1200 C.

7. Conclusions

Raman and XRD results show unburned material (presence of residual calcite and dolomite) at the
lowest measured temperature (900 °C). The above, combined with the low reactivity values,
suggest that the conditions of 900 °C/2 h are not enough to complete the dissociation of carbonates.
After that, we conclude using the current methodology the worst calcination temperature was that
of 900 °C. Raman spectra from both the surface and core of the lime suggest that the carbonate
minerals were almost fully converted to newly formed oxides (mainly CaO) at the temperature of
1050 °C. The above, combined with the results from the reactivity tests (highest reactivity value)
suggest that 1050 °C is the optimum temperature for the studied system. The combination of the
spectroscopic methods alone should be applied with caution, however, is able to provide the
necessary information on the transformation of the initial material during progressive heating.
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