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Abstract

:

Shortwave infrared (SWIR) spectroscopy can be applied directly to analyze the mineral chemistry of raw or geologic materials. It provides diagnostic spectral characteristics of the chemical composition of minerals, information that is invaluable for the identification and quality control of such materials. The present study aims to investigate the potential of SWIR spectroscopy as an alternative quality control technique for the mineral chemistry analysis of Portland cement-grade limestone. We used the spectroscopic (wavelength position and depth of absorption feature) and geochemical characteristics of limestone samples to estimate the abundance and composition of carbonate and clay minerals on rock surfaces. The depth of the carbonate (CO3) and Al-OH absorption features are linearly correlated with the contents of CaO and Al2O3 in the samples, respectively, as determined by portable X-ray fluorescence (PXRF) measurements. Variations in the wavelength position of CO3 and Al-OH absorption features are related to changes in the chemical compositions of the samples. The results showed that the dark gray and light gray limestone samples are better suited for manufacturing Portland cement clinker than the dolomitic limestone samples. This finding is based on the CaO, MgO, Al2O3, and SiO2 concentrations and compositions. The results indicate that SWIR spectroscopy is an appropriate approach for the chemical quality control of cement raw materials.
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1. Introduction


The manufacturing process and quality of Portland cement are directly controlled by the chemistry of the raw materials used. Therefore, it is essential to select raw materials that have the correct chemical composition. The composition and properties of Portland cement clinker show that it is made by blending different raw materials, which are predominantly a mix of calcareous and argillaceous materials [1,2,3,4]. To correct any desired composition deficiencies, it may be necessary to add minor proportions of additive or corrective constituents, which may be a siliceous, aluminous, or ferruginous material or a combination of those materials, into the raw mix. However, the proportional estimation of the additive or corrective constituents depends on the compositional characteristics of the calcareous material as the main component in the raw mix [1,2,3,4].



The main naturally available calcareous material on the earth’s surface, as well as the preferred source of lime or calcium oxide (CaO) to make clinker, is limestone [1,2,3,4]. The suitability and availability of this carbonate rock in very large amounts are vital for the production of clinker. Limestone is a sedimentary rock mostly containing calcium carbonate (CaCO3), normally in the form of calcite [5,6]. The rock may also contain various amounts of mineralogical associations, such as dolomite (CaMg(CO3)2), siderite (FeCO3), magnesite (MgCO3), goethite (FeO(OH)), quartz (SiO2), clays (kaolinite (Al2Si2O5(OH)4), montmorillonite ((Na,Ca)0.33(Al,Mg)2(Si4O10)), and illite ((K,H3O)(Al,Mg,Fe)2(Si,Al)4O10[(OH)2, (H2O)])), halides (fluorite (CaF2) and halite (NaCl)), phosphates (hydroxylapatite (Ca5(PO4)3OH), fluorapatite (Ca5(PO4)3F), and chlorapatite (Ca5(PO4)3Cl)), sulfates (gypsum (CaSO4·2H2O), barite (BaSO4), alunite (KAl3(SO4)2(OH)6), and celestite (SrSO4)), and sulfides (pyrite (FeS2) and realgar (As4S4)) [5,6]. Moreover, the mineralogical and chemical compositions of the rock depend on its mode of origin and depositional environment [2,5,6], which have a definite implication on the cement manufacturing process [2]. Carbonate rock that is suitable in the manufacturing of Portland cement should contain specific chemical compositions, such as 44%–52% CaO, 3%–3.5% MgO, 0.6% (maximum) Na2O and K2O, 0.6%–0.8% (maximum) SO3, 0.25%–0.6% (maximum) P2O5, 1.3% TiO2, 0.5% Mn2O3, and SiO2, Al2O3, and Fe2O3 in proportions suitable for cement manufacturing [1,3,4]. The occurrence of some of those minor chemical constituents and trace elements in amounts exceeding the standard, for instance, MgO, SO3, P2O5, TiO2, Na2O, K2O, Cl, Cu, Pb, Zn, Cr, and others, are deleterious to the production and utilization of clinker [1,3,4,7,8,9,10,11,12,13,14].



Various techniques have been employed to characterize and control the chemical compositions of cement materials and products. Such techniques include X-ray fluorescence (XRF) [15,16,17], energy dispersive X-ray spectroscopy (EDS) [18,19,20,21], electron probe microanalysis (EPMA) [22,23,24,25], and inductively coupled plasma optical emission spectrometer (ICP-OES) [26,27,28,29]. However, these methods are expensive and time consuming for sample preparation and analysis. An alternative approach that is much simpler and faster than these conventional techniques is infrared spectroscopy. This spectroscopic method uses shortwave infrared (SWIR) spectral absorption feature properties, such as the wavelength position and depth of absorption feature [30,31], to identify and estimate the relative abundances of SWIR range-active minerals and their compositions suitable for the manufacturing of cement clinker from hand specimens of fresh carbonate rock surfaces. The spectroscopic method can also be combined with X-ray fluorescence (XRF) or geochemistry data to determine the chemical compositions of rocks. Infrared spectroscopy techniques have been utilized to characterize the chemistry of cement products and the hydration rate [19,32,33,34,35]. However, their applications in determining the mineral chemistry and chemical compositions of cement raw materials, especially limestone or other calcareous materials, have not been completely explored. Previous studies have shown that the spectroscopic method complemented by geochemical analysis can identify and predict the composition and proportion of iron oxide and aluminum hydroxide (Al-clay) contents from drill core samples of channel iron ore [36] and iron ore [37]. Zaini et al. [38] recently presented a laboratory hyperspectral imaging spectroscopy approach to derive the carbonate mineral chemistry or Ca-Mg ratio from carbonate rock samples based on spectroscopic and geochemical parameters.



The SWIR reflectance spectra in the wavelength range of 1.0–2.5 μm exhibit several diagnostic absorption features of mineral chemistries. These features are determined by the occurrence of hydroxyl (OH), water (H2O), carbonate (CO3), sulfate (SO4), and typical cationic transitional vibrations present in phyllosilicates (e.g., Al-OH, Mg-OH, and Fe-OH bearing clay, mica and serpentine) [39,40,41,42]. The spectral absorption features of minerals are influenced by the chemical composition, structural arrangement, and bonding characteristics [43,44,45]. These spectral characteristics may allow for direct identification of surface mineralogy. Carbonate minerals, such as calcite (CaCO3) and dolomite (CaMg(CO3)2), have two distinctive absorption features in the SWIR wavelength region centered at 2.530–2.541 μm and 2.333–2.340 μm and 2.503–2.520 μm and 2.312–2.323 μm, respectively [39,41,45,46,47,48,49], due to the vibrational processes of carbonate ions     (    CO  3  2 −    )     [39,41,46]. The presence of clay and other phyllosilicate minerals in an intimate mixture with carbonates can be identified based on their vibrational absorption features around 2.20 μm and 2.30 μm [40,41,42]. These absorption features are caused by the combination of the OH stretch with the Al-OH and Mg-OH bending modes, respectively [40,41,42].



The objective of the present study is to investigate the potential and accuracy of SWIR spectroscopy as an alternative quality control technique for chemical and mineralogical analyses of Portland cement-grade limestone in deriving and estimating the relative abundances and compositions of carbonate and clay mineral chemistries from carbonate rock samples. This is conducted by correlating the spectral absorption feature characteristics (wavelength position and depth of absorption feature) with a geochemical analysis of spot measurements on the rock surface.




2. Materials and Methods


2.1. Carbonate Rock Samples


The carbonate rock samples (Figure 1) used for this study were collected from two different locations, including (1) the Lhoknga limestone quarry, which is an open active limestone mine of PT. Lafarge Cement Indonesia, Aceh Besar, Indonesia. Two types of limestone samples, dark gray and light gray limestones (Figure 1a,b), were selected during fieldwork from 1 to 5 September 2014. The sedimentary rocks are from the Jurassic to Cretaceous-Raba Limestone formation of the Woyla group, which are composed of massive calcarenite and calcilutite and dark gray thin-bedded argillaceous and siliceous limestones [50,51]; The second area is (2) the Bédarieux mining area, which is an open and partly active dolomite mine in the Hérault department of the Languedoc-Roussillon region, southern France [38]. The representative dolomitic limestone samples (Figure 1c) were selected during fieldwork in September 2008. These carbonate rocks are from the Jurassic-Bathomien formation, and their composition becomes sandier from west to east [38,52]. For the purpose of the present study, each carbonate rock type was grouped by five selective hand specimen samples. They consist of dark gray limestones (samples B20, B28, B33, B45, and B49), light gray limestones (samples B1, B26, B32, B36, and B41) and dolomitic limestones (samples F17, F18, F20, F23, and F26) (Figure 2).




2.2. PXRF Geochemical Analysis


The geochemical elements and oxide compositions of the selected limestone samples used for the quality control of cement raw material were analyzed using portable X-ray fluorescence (PXRF) with the Niton XL3t GOLDD+ from Thermo Fisher Scientific Inc. The geochemical characterizations consisted of the weight percentages of CaO, MgO, SiO2, Al2O3, Fe2O3, SO3, K2O, TiO2, and P2O5. To measure the carbonate rock samples, the instrument was set up using the same procedure as previous research [38]. Five PXRF spot measurements with an 8-mm diameter spot size were performed from the same locations as ASD spot measurements on both fresh surfaces of each limestone sample (Figure 2). The analyzer in the mining mode setting was calibrated for a silicate dominated rock matrix; hence, the Ca and Mg concentrations of pure carbonate samples showed an overestimation of up to 10% [38]. To overcome the instrument deficiency in acquiring these elemental concentrations, an inductively coupled plasma optical emission spectrometer (ICP-OES), Variant Liberty Series II, was used to correct the PXRF measurement results by analyzing some pure carbonate samples and limestone samples collected from the Lhoknga and Bédarieux mining areas, with a correction factor of 0.76 and 2.31 for the Ca and Mg PXRF values, respectively.




2.3. Carbonate Rock Spectral Measurements


A FieldSpec Pro Spectrometer from Analytical Spectral Devices (ASD) Inc., Boulder, CO, USA, was used to measure reflectance spectra of the carbonate rock samples from the visible/near infrared (VNIR) to the SWIR (350–2500 nm) wavelength regions. The spectrometer was equipped with a high-intensity light source that is integrated into a reflectance probe and a detector system, which consists of a 512-channel silicon photodiode array for the VNIR spectral measurements (350–1000 nm) and a single thermoelectrically cooled indium gallium arsenide (InGaAs) detector to acquire the SWIR reflectance spectra (1000–2500 nm). A Spectralon (Labsphere, North Sutton, NH, USA) was used to calibrate the spectral measurements of each carbonate rock sample. The reflectance spectra of rock samples were measured using the ASD contact probe, where a probe window frame 2 cm in diameter was placed in direct contact with each of the five spot measurements on both fresh rock sample surfaces (Figure 2). Five reflectance spectra were acquired to obtain an average reflectance spectrum from each ASD spot measurement of limestone samples. A total of five average spectral data were derived from five spot measurements of each rock sample or twenty-five reflectance spectra were recorded from each carbonate rock type. Raw spectral data were corrected by applying splice correction using ViewSpecPro software. ENVI software package version 4.7 was used to build a spectral library and process the spectral data in the wavelength range of 2.100–2.400 µm.




2.4. Determination of Spectral Feature Parameters


The SWIR reflectance spectra have several distinctive absorption features of surface mineralogy. These spectral features can be used to estimate the mineral abundances and chemical compositions of rock or geologic samples based on their spectral feature characteristics, such as the wavelength position and depth of absorption feature [36,37,38,47,53]. The position and depth of absorption feature were extracted from continuum-removed reflectance spectra [54]. The absorption wavelength position is defined as the wavelength at which the maximum absorption or minimum reflectance of an absorption feature occurred [30,31]. The depth of the absorption feature indicates the reflectance value at the shoulders minus the reflectance value at the position of the absorption wavelength [30,31]. Detailed definitions of the characteristics of the absorption feature are described in previous studies [30,31,47].



In this study, the carbonate (CO3) and Al-OH absorption features present in the SWIR reflectance spectra of limestone samples were analyzed. As mentioned previously, carbonate minerals, such as calcite (CaCO3) and dolomite (CaMg(CO3)2), and clay minerals, such as kaolinite (Al2Si2O5(OH)4) and illite ((K,H3O)(Al,Mg,Fe)2(Si,Al)4O10[(OH)2, (H2O)]), have prominent vibrational absorption features in the SWIR wavelength region due to the vibrational processes of carbonate ions [39,41,46] and the combination of the OH stretch with the Al-OH and Mg-OH bending modes [40,41,42], respectively. Those mineral constituents are the main components of the raw materials of cement and play an important role in the manufacturing of Portland cement clinker [1,2,3,4]. The presence of clay and other phyllosilicate minerals in selected rock samples was also confirmed using X-ray diffraction (XRD). The rock samples were pulverized and placed in acid. The acid-insoluble residue was filtered and dried and subsequently measured using the Bruker D2 Phaser XRD. However, there was very little material left after acid digestion on the powdered dolomitic limestone samples. The acid-insoluble residue came into contact with a filter paper and could not be separated. Hence, it yielded unreliable XRD results of clay and other phyllosilicate minerals in the dolomitic samples.



The wavelength position and depth of absorption feature of the mineral reflectance spectra were computed using Hyperspectral Python (HypPy) software package version 2.6 [55]. These spectral parameters were processed by following a routine procedure as described in Zaini et al. [38]. Firstly, we used a method developed by Rodger et al. [56] to calculate wavelength position of a prominent absorption feature of carbonate (CO3) and Al-OH spectral features in the wavelength ranges of 2.125–2.400 μm and 2.170–2.250 µm, respectively. The depth of the absorption feature was determined by adapting an approach designated in previous studies [30,31,47]. A continuum removal was then applied to the spectra within the selected wavelength range, followed by interpolation. A second-order polynomial fit was modeled to three data points of minimum reflectance in the continuum-removed spectra. The wavelength position of the minimum and depth of absorption feature were determined on the fitting polynomial curve or the resulting interpolated parabola. This process produced the wavelength position of the deepest absorption feature and the depth of the feature for each of the spectra. Finally, these spectral parameters were validated and correlated with PXRF geochemical analysis to derive the abundance and composition of the mineral chemistries from the SWIR continuum-removed spectra of the carbonate rock samples.





3. Results


3.1. Geochemical Characterization of the Rock Samples


The geochemical characterization results of oxide compositions on the selected limestone samples over five PXRF spot measurements for each rock sample are shown in Table 1. The chemical analysis shows that calcium oxide (CaO) is a major constituent, comprising approximately 50% by weight, and there is a very low amount of magnesium oxide (MgO) in most of the Lhoknga limestone samples (samples B28, dark gray limestone and B41, light gray limestone). The results also show a significant elemental concentration of SiO2 and Al2O3 in the Lhoknga samples, especially the dark gray limestone sample (sample B28, Table 1). Thus, the quarried limestone samples contain a major amount of calcium carbonate, which is associated with clay and a mixture of other phyllosilicate minerals. In addition, the PXRF results (Table 1) indicate that the light gray limestone sample (sample B41) is purer than the dark gray limestone sample (sample B28) in terms of CaO, MgO, Al2O3, and SiO2 concentrations.



In contrast, the selected dolomitic limestone sample from the Bédarieux dolomite mine (sample F20) contains major oxide elements of CaO and MgO, with concentrations over 27% and 18% (Table 1), respectively. The high MgO concentration is attributed to a dominance of magnesium carbonate in the Bédarieux samples. The geochemical results (Table 1) also reveal a relative low elemental concentration of SiO2 and Al2O3 in the rock sample. Moreover, the Lhoknga and Bédarieux rock samples contain low proportions of other oxide elements, such as Fe2O3, SO3, K2O, and TiO2 (Table 1). The oxide concentration of P2O5 is mostly less than 0.1% for the dark gray and light gray limestone samples and almost 0% for the dolomitic limestone samples. These elements indicate possibly the presence of iron oxide, phosphate and sulfate mineral associations in the limestones. The relative abundance of mineral chemistries and compositions in the rock samples (Table 1) illustrate that the Lhoknga limestone samples can be specified as a good quality limestone for the manufacturing of Portland cement clinker [3,4] compared with the Bédarieux sample.




3.2. SWIR Reflectance Spectra of the Rock Samples


The SWIR continuum removed reflectance spectra of the dark gray limestone samples (samples B28 and B45) derived from five ASD spot measurements on the rock surfaces are shown in Figure 3. The spectra exhibit dominant carbonate absorption with a prominent absorption feature of carbonate at ~2.34 µm due to the vibrational process of the carbonate ions     (    CO  3  2 −    )     [39,41,46]. This wavelength position and spectral shape indicate that calcite is more dominant than other carbonate minerals in the rock samples. The reflectance spectra (Figure 3) show weak Al-OH absorption feature at ~2.20 μm, which suggests the presence of minor constituents of clays (e.g., montmorillonite and illite) and other phyllosilicates (e.g., muscovite) in the rock samples. This is caused by the combination of the OH stretch with the fundamental Al-OH bending mode [40,41,42]. However, it is difficult to differentiate between montmorillonite, illite and muscovite based only on the subtle or weak absorption feature at ~2.20 μm. These phyllosilicate minerals exhibit relatively similar spectral shapes for the ~2.20 μm Al-OH feature. The spectral curves also show variations of the absorption band depths for features at ~2.20 µm and ~2.34 µm, which are probably correlated with changes in the relative abundances of phyllosilicate and carbonate minerals on the rock surfaces, respectively.



Figure 4 shows the SWIR continuum removed reflectance spectra of the light gray limestone samples (samples B1 and B41) derived from the five ASD spot measurements on the rock surfaces. The spectra exhibit strong and weak carbonate absorption features at ~2.34 µm and ~2.16 µm, respectively, and a subtle Al-OH absorption feature centered at ~2.20 µm. These carbonate features and spectral shapes are attributed to the relatively pure calcite in the rock samples. It can be seen obviously from Figure 3 and Figure 4 that the depth of carbonate absorption feature at ~2.34 µm in the light gray limestone samples (samples B1 and B41) is deeper than that in dark gray limestone samples (samples B28 and B45) and vice versa for the depth of Al-OH absorption feature at ~2.20 µm. This indicates that the light gray limestone samples contain more calcium carbonate mineral (calcite) than the dark gray limestone samples; moreover, the relative abundance of clay and other phyllosilicate minerals content is higher in the dark gray limestone samples than in the light gray limestone samples.



The SWIR continuum removed reflectance spectra of the dolomitic limestone samples (samples F18 and F20) differ slightly in the wavelength position and depth of carbonate absorption feature at ~2.32 µm (Figure 5). The shifts in the position of an absorption feature at ~2.32 µm towards longer wavelengths as observed in the spectra of sample F18 (Figure 5a) are related to changes in the carbonate mineral compositions of the sample, depending on the proportion of calcite-dolomite mixtures. Strong and weak carbonate absorption features at ~2.32 µm and ~2.15 µm (Figure 5) indicate that the rock samples are dominated by magnesium carbonate and dolomite, respectively. In addition, it can be observed from Figure 5 that there is no obvious Al-OH absorption feature at ~2.20 µm in the spectra, which suggests that the abundance of clay and other phyllosilicate mineral chemistries in the rock samples is insignificant to be determined spectroscopically, compared to the PXRF geochemical approach (Table 1).




3.3. Estimation of Mineral Chemistry Abundance and Composition of the Rock Samples


The spectroscopy and geochemistry results indicate that the depths of carbonate (CO3) and Al-OH absorption features deepen with increasing relative abundances of carbonate (CaO) and phyllosilicate (Al2O3) mineral chemistries in the rock samples (Figure 6). The depths of CO3 and Al-OH absorption features and the wt % CaO and Al2O3 contents in the rock samples have a relatively good correlation, with R2 = 0.774 and 0.842 for the dark gray limestone samples (Figure 6a), R2 = 0.787 and 0.723 for the light gray limestone samples (Figure 6b), and R2 = 0.695 and 0.934 for the dolomitic limestone samples (Figure 6c), respectively. Figure 6 shows that the depths of CO3 and Al-OH absorption features vary between the limestone samples. Particularly for the depth of carbonate feature, the dark gray limestone samples tend to have lower band depth values than the light gray and dolomitic limestone samples. This is typical of opaque or organic materials, which can decrease the spectral reflectance value of the material [45,48,57]. However, the dark gray and light gray limestone samples contain more CaO and Al2O3 concentrations than the dolomitic limestone samples (Figure 6). The contents of wt % CaO in the samples are approximately 45%–52%, 49%–53%, and 26%–44% for the dark gray, light gray and dolomitic limestone samples, respectively.



The scatter plots shown in Figure 6 also indicate that SiO2 abundance is directly proportional to the Al2O3 content in the rock samples and vice versa for the relation between the MgO and CaO contents. As many clay minerals have Al octahedra and Si tetrahedra as their crystallographic framework [58], the correlation between Al2O3 and SiO2 indicates the presence of clay and other phyllosilicate minerals in the carbonate rocks. However, a number of spot measurements of light gray limestone samples and almost all dolomitic limestone samples do not have an Al-OH absorption feature or are spectrally featureless at ~2.20 µm (depth of Al-OH feature <0.005; Figure 6b,c). These results show that the light gray limestone (Figure 6b) and dolomitic limestone (Figure 6c) samples contain less than 1.2% and 0.7% of wt % Al2O3, respectively, as determined by the PXRF geochemical analyzer (Table 1). The very low amounts of Al2O3 in the dolomitic limestone point to very low percentages of clay and other phyllosilicate minerals in this particular rock, and these phyllosilicate mineral contents will therefore likely be below the detection limit of the infrared spectroscopy used.



Figure 7 shows the correlation between the CaO and MgO (left) and SiO2 and Al2O3 (right) contents in limestone samples, with the color-coded wavelength position of carbonate and Al-OH absorption features. These analyses reveal that the proportions of these mineral chemistries in carbonate and phyllosilicate minerals are linearly related. The wavelength positions of mineral chemistries vary slightly with their compositions (Figure 7). For the dark gray and light gray limestone samples, the position of carbonate feature is approximately in the wavelength range of 2.337–2.339 µm (Figure 7a,b). The wavelength position is typical of calcium carbonate or calcite [39,41,45,46,47,48,49], which is the dominant mineral in the rock samples. Nevertheless, the wavelength position of carbonate feature of the dolomitic limestone samples in the SWIR region is centered at 2.320–2.330 µm (Figure 7c), which is distinctive of dolomite [39,41,45,46,47,48,49], with a wt % MgO content of approximately 9%–22%. This indicates a larger dolomite or magnesium carbonate mineral content in the rock samples.



Moreover, the position of Al-OH absorption feature is approximately in the wavelength range of 2.205–2.208 µm for dark gray and light gray limestone samples (Figure 7a,b). The wavelength position suggests the presence of montmorillonite, illite or muscovite [41,42] in the rock samples. However, the wavelength position of Al-OH absorption feature of the dolomitic limestone samples is centered nearly at 2.210–2.216 µm (Figure 7c), which is suggestive of montmorillonite, illite or muscovite [41,42] of slightly different chemical composition. The longer wavelength position of the Al-OH feature indicates replacement of Al by Fe and Mg atoms in the crystal lattice of these minerals [59]. The majority of dolomitic samples contain relatively low concentrations (less than 0.4%) of Al2O3 (Figure 7c). As described above, some light gray and dolomitic limestone samples do not have an Al-OH absorption feature or are spectrally featureless at ~2.20 µm (Figure 6b,c). X-ray diffraction analysis of selected rock samples also confirms the presence of minor constituents of Al-containing minerals in the form of montmorillonite, illite, and muscovite in the dark gray and light gray limestone samples (Figure S1; see supplementary data).





4. Discussion


The PXRF geochemical analysis, SWIR reflectance spectra, and spectroscopic parameters of the limestone samples as shown in Table 1 and Figure 3, Figure 4, Figure 5, Figure 6 and Figure 7 indicate that the mineral abundance and chemical composition of the rock samples vary considerably. They depend on the type of limestone samples and the location of spot measurements on the rock surfaces. It seems that rough and porous surfaces within the area of spot measurements result in low elemental concentrations and reflectance intensity. The reason for this is probably that the incoming X-ray or electromagnetic radiation on the irregular surface will reflect diffusely, and only a few reflected radiations can reach the PXRF analyzer and spectroscopic sensors.



The results of this study (Table 1 and Figure 6 and Figure 7) reveal that the proportions of oxide compositions, such as CaO, MgO, Al2O3, and SiO2, of dark gray and light gray limestone samples collected from the Lhoknga limestone quarry of PT. Lafarge Cement Indonesia, Aceh Besar, Indonesia, are qualitatively suitable for Portland cement manufacturing. These limestone samples can be categorized as Portland cement-grade limestone. The chemical concentrations and compositions of the rock samples meet the standard quality requirements of cement raw material used for the manufacturing of Portland cement clinker [1,3,4]. However, the opposite is true for dolomitic limestone samples collected from the Bédarieux dolomite mine in the Hérault department of the Languedoc-Roussillon region, southern France. The proportions of the chemical compositions of the dolomitic limestone samples (Table 1 and Figure 6 and Figure 7), especially the wt % CaO and MgO concentrations, are present in quantities lower and higher than are allowed by the specifications of cement raw material for Portland cement making [1,3,4], respectively. A high amount of MgO (above 2%) in the cement clinker will generate the growth of periclase, which can restrict the reaction with water and consequently damage the hardened concrete [4].



These results (Table 1 and Figure 6 and Figure 7) also indicate that the light gray limestone sample is purer than its dark gray counterpart. Naturally, pure limestone is harder and has more massive structure than impure limestone. Its hardness influences the efficiency of the crushing and grinding process of the limestone sample to a fine powder to intimately mix with clay or shale before being transported to the kiln. The physical properties are another factor to be considered in determining the suitability of a limestone for Portland cement manufacturing. The clinkerization process (reactivity and burnability) of a raw meal may depend on its fineness [1,2,4]. The less pure limestones (dark gray limestone samples), which relate to CaO, MgO, Al2O3, and SiO2 contents, are more suitable for cement manufacturing in relation to the efficiency of the crushing and grinding process than the hard or pure limestones (light gray limestone samples).



The spectroscopic parameters, particularly the wavelength position and depth of absorption feature of carbonate and phyllosilicate minerals within the SWIR spectral ranges on fresh surfaces of limestone samples (Figure 6 and Figure 7), also exhibit changes in the abundance and composition of these mineral chemistries. Previous researchers stated that the wavelength positions of carbonate minerals in the SWIR reflectance spectra are affected by the Ca and Mg contents (calcite-dolomite mixtures) in the samples [38,45,47]. Post and Noble [59] observed that the wavelength position of clay absorption feature at ~2.20 µm depends on the relative content of Al in the sample. Haest et al. [36] and Magendran and Sanjeevi [37] studied the correlation between the depth of Al-OH absorption feature and the content of Al2O3 in iron ore samples. They found that the spectroscopic and geochemical characteristics of clay mineral chemistry are linearly related. Furthermore, carbonate spectral feature characteristics are influenced by particle size [45,46,47,48], texture [48], porosity [46] and mineral impurities [45,46,48]. Some scientists have attempted to analyze weathering effects on the infrared reflectance spectra of carbonate rocks [60,61]. They found that the reflectance values, shape and spectral absorption features of carbonate minerals are affected by the weathering processes of the rocks.



The practical implications of the study with regard to the quality control of cement raw materials or characterization of Portland cement-grade limestones are as follows. A comparison of the spectroscopy and geochemistry parameters (Figure 6) illustrates a relatively good correlation between the depths of carbonate and Al-OH absorption features and the abundance of carbonate (CaO) and phyllosilicate (Al2O3) mineral chemistries in the carbonate rock samples, respectively. The results show that the infrared spectroscopy within the SWIR wavelength range is an applicable technique for mineral chemistry analysis of Portland cement-grade limestones. Carbonate and clay mineral abundances in carbonate rock samples could be analyzed and estimated by applying these physical models (Figure 6) based on the spectroscopic parameter, especially the depth of absorption feature. This study confirms the results of previous studies [19,32,33,34,35] that used the infrared spectroscopy technique for characterizing the chemistry of cement products and hydration rate. These results also indicate that the SWIR spectroscopic approach can be used as a direct method for the characterization of other raw materials from a laboratory to real-time processes in the field or quarry. However, to implement this spectroscopic method on other limestones or rocks, some issues require further work. For instance, spectroscopic and geochemical characteristics should be derived from bulk measurements of the rock samples. It may provide a better interpretation of the method because the results of spot measurements on the rock surface are always at the mercy of the geological variation within a rock. Other spectral absorption feature parameters of carbonate and clay minerals should also be analyzed as alternative characteristics for identifying and estimating mineralogical variations and their compositions in rock.




5. Conclusions


Shortwave infrared (SWIR) spectroscopy in the 2.100–2.400 μm wavelength region is investigated in relation to the characterization of Portland cement-grade limestones to determine and estimate the chemical composition and mineral chemistry abundance on the carbonate rock surfaces. Spectral parameters, such as the wavelength position and depth of absorption feature derived from the SWIR continuum removed spectra fitted to the second-order polynomial curves, are helpful in analyzing and estimating carbonate (CO3) and Al-OH absorption features associated with CaO and Al2O3 contents and the compositions in the rock samples, respectively. The depths of these absorption features demonstrate a linear relationship with the contents of carbonate (CaO) and phyllosilicate (Al2O3) in the rock samples as determined by the portable X-ray fluorescence (PXRF) measurements. The wavelength positions of the CO3 and Al-OH absorption features vary with the chemical compositions of the samples. The results showed that dark gray and light gray limestone samples are more suitable for manufacturing Portland cement clinker (Portland cement-grade limestone) than dolomitic limestone samples in terms of CaO, MgO, Al2O3, and SiO2 concentrations and compositions. The approach illustrates that SWIR spectroscopy within the selected wavelength range is an applicable technique for the chemical quality control of cement raw materials, particularly for determining the carbonate and clay mineral chemistries in the carbonate rock samples.
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The following are available online at www.mdpi.com/2072-4292/8/11/950/s1, Figure S1: XRD pattern of clay and other phyllosilicate minerals of selected dark gray and light gray limestone samples, showing the presence of montmorillonite, illite and muscovite in the rock samples.
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Figure 1. Carbonate rock samples: (a) dark gray; and (b) light gray limestone samples collected from the Lhoknga limestone quarry of PT. Lafarge Cement Indonesia, Aceh Besar, Indonesia; and (c) dolomitic limestone sample collected from the Bédarieux dolomite mine, Hérault department of the Languedoc-Roussillon region, southern France. 
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Figure 2. Examples of hand specimens of carbonate rock samples collected from the mines: (a) dark gray limestones (samples B28 and B45); (b) light gray limestones (samples B1 and B41); and (c) dolomitic limestones (samples F18 and F20), with white circles pointing out the locations of portable X-ray fluorescence (PXRF) and Analytical Spectral Device (ASD) spot measurements on both fresh surfaces of the rock samples. 
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Figure 3. Continuum removed spectra of dark gray limestone samples: (a) sample B28; and (b) sample B45 derived from five ASD spot measurements on the rock sample surfaces in the SWIR wavelength region. The spectral curves exhibit variations of depths of absorption features at ~2.20 µm and ~2.34 µm corresponding to changes in mineral contents on the rock surfaces. 
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Figure 4. Continuum removed spectra of light gray limestone samples: (a) sample B1; and (b) sample B41 derived from five ASD spot measurements on the rock sample surfaces in the SWIR wavelength region, showing the variability in the depth of carbonate absorption feature at ~2.34 µm. 
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Figure 5. Continuum removed spectra of dolomitic limestone samples: (a) sample F18; and (b) sample F20 derived from five ASD spot measurements on the rock sample surfaces in the SWIR wavelength region, showing the variability in the wavelength position and depth of carbonate absorption feature at ~2.32 µm. 
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Figure 6. Correlation between spectral and geochemical characteristics derived from the same spot measurements of (a) dark gray limestone samples (samples B20, B28, B33, B45 and B49); (b) light gray limestone samples (samples B1, B26, B32, B36 and B41); and (c) dolomitic limestones samples (samples F17, F18, F20, F23 and F26). Physical models relating depths of carbonate features and wt % CaO PXRF results, color coded with the wt % MgO results (left) and the depths of Al-OH features and wt % Al2O3 PXRF results, color coded with the wt % SiO2 results (right). 
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Figure 7. Geochemical charts of CaO vs. MgO (left) and SiO2 vs. Al2O3 (right) contents derived from PXRF spot measurements of (a) dark gray limestone samples (samples B20, B28, B33, B45 and B49); (b) light gray limestone samples (samples B1, B26, B32, B36 and B41); and (c) dolomitic limestones samples (samples F17, F18, F20, F23 and F26), color coded with the wavelength position of the carbonate and Al-OH absorption features. 
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Table 1. Chemical composition of the selected limestone samples derived from five PXRF spot measurements on both fresh surfaces of each rock sample (wt %) (Samples B28, dark gray limestone; B41, light gray limestone; and F20, dolomitic limestone). The geochemical analysis illustrates a considerable variability in oxide concentrations and compositions of the carbonate rock samples that relate to the sample quality for Portland cement manufacturing.
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PXRF Spots Code

	
CaO

	
MgO

	
Al2O3

	
SiO2

	
Fe2O3

	
K2O

	
SO3

	
TiO2

	
Sample Quality






	
B28-1

	
46.736

	
0.501

	
2.984

	
4.463

	
0.345

	
0.373

	
0.197

	
0.148

	
Good [3,4]




	
B28-2

	
45.023

	
1.228

	
8.674

	
14.289

	
0.440

	
1.166

	
0.230

	
0.572




	
B28-3

	
51.804

	
0

	
0.897

	
2.939

	
0.276

	
0.218

	
0.220

	
0.113




	
B28-4

	
48.798

	
0.342

	
1.759

	
5.808

	
0.785

	
0.436

	
1.026

	
0.322




	
B28-5

	
50.595

	
0.142

	
1.960

	
3.260

	
0.222

	
0.317

	
0.095

	
0.127




	
B41-1

	
52.313

	
0

	
0.295

	
1.074

	
0.067

	
0.070

	
0.172

	
0.060

	
Good [3,4]




	
B41-2

	
51.388

	
0

	
0.395

	
1.196

	
0.059

	
0.045

	
0.225

	
0.045




	
B41-3

	
50.967

	
0.342

	
1.240

	
2.390

	
0.076

	
0.039

	
0

	
0.053




	
B41-4

	
50.360

	
0.511

	
1.578

	
2.846

	
0.060

	
0.069

	
0

	
0.050




	
B41-5

	
50.525

	
0

	
1.265

	
1.862

	
0.069

	
0.052

	
0

	
0.053




	
F20-1

	
27.635

	
21.941

	
0

	
0.169

	
0

	
0

	
0.172

	
0

	
Bad [3,4]




	
F20-2

	
29.132

	
21.239

	
0.079

	
0.182

	
0.034

	
0

	
0.192

	
0




	
F20-3

	
28.606

	
18.086

	
0.711

	
0.958

	
0.107

	
0.023

	
0.162

	
0.020




	
F20-4

	
26.877

	
17.728

	
0.832

	
1.535

	
0.113

	
0

	
0.157

	
0.022




	
F20-5

	
29.442

	
20.174

	
0

	
0.237

	
0

	
0

	
0.140

	
0
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