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ABSTRACT

In this work we analyze the lime saturation module for different clay settings of raw material after raw grinding
process by means of a multiwavelength Raman spectroscopy study, at excitation wavelengths of 450, 532, 633
and 780 nm. The data reveal that independently of the wavelength used, the results of the Raman shifts can
be used to calculate the setpoint for controlling the alumina in the raw mix that needs to be adjusted to have
the lime saturation within quality parameters, with a minimum variation compared with other techniques such
as XRF and XRD, thus ensuring that the Clinker phases are formed under quality standards. The intensity ratios
of Raman spectra were used to calculate LS values which were close to those obtained with the XRF technique.
Therefore, this measurement approach can be used successfully as an effective and alternative non-destructive
method to determine the LS of cement raw mix.
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RESUMEN

En este trabajo se analiza el médulo de saturacion de cal para diferentes configuraciones de arcilla mediante
espectroscopia Raman a longitudes de onda de excitacion de 450, 532, 633 y 780 nm. Los resultados Raman
permiten calcular el punto de ajuste para controlar la alimina en la mezcla cruda, independientemente de la
longitud de onda utilizada, esta debe ajustarse para mantener la saturacion de cal dentro de los parametros
de calidad, con una variacion minima en comparacion con otras técnicas como XRF y XRD, asegurando asi, que
las fases de clinker se formen bajo estandares de calidad. Las relaciones de intensidad de los espectros Raman
se usaron para calcular valores de LS cercanos a los obtenidos con la técnica XRF. Por lo tanto, este método
de medicion puede utilizarse con éxito como un método alternativo no destructivo eficaz para determinar el
LS de la mezcla cruda de cemento.
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INTRODUCTION

In the cement industry, Clinker and Portland cement quality depends on raw materials and raw mix which can
have a negative influence in the early strength development in cement due to a bad mix design (Taylor, 1997;
Duda, 1985, Orazimbetovaet al., 2023). The raw mix design consists mainly of limestone and clay components
which are rich in calcium, aluminum, silicon and iron, which are present as calcium oxide (Ca0), aluminum
oxide (Al,03), silicon dioxide (SiO,) and ferric oxide (Fe,0;) (Hewlett, 2004). The primary raw material is
limestone as a contributor of calcium oxide which is the main oxide of the raw mix. Clay is the secondary
component, which contains aluminum oxide, silicon dioxide and ferric oxide. However, if any of these oxides
were not found in the limestone or in the clay, it is necessary to get them using other materials called correctors
to compensate for lack quantities of such elements Hewlett, 2004). There are chemical relationships to monitor
and characterize the raw mix known as modules, these are lime saturation factor (LS), silicon module and
alumina module (Fernandez Paris, 1967). For the calculation of these modules the oxide percentages are used
which can be determined by chemical analysis. The module for lime saturation is used to set the optimal lime
content, the silicon module is related to the rotary kiln temperature at which Clinkerization will take place,
and the alumina module characterizes the molten phase composition inside the rotary kiln that can improve
the burnability of raw meal and the formation of more alite particles (Zhang et al., 2022). The LS can be
calculated by Equation 1:

LS = Ca0 % 100/(2.8 Si0O2 + 1.15 Al203 + 0.35 Fe203) (1)

Equation 1 indicates the current lime quantity existing in the raw expressed as a percent of the maximum
amount of lime that under certain technical conditions of calcination and cooling can be combined with
hydraulic factors SiO,, Al;05 and Fe,0; to form the Clinker phases such as the tricalcium silicate C;S, dicalcium
silicate C,S, tricalcium aluminate C;A and tetracalciumferroaluminate C4AF, which are rich in lime and have the
most favorable properties, particularly with regard to the development of cement strengths (Li et al; 2024). If
there were an excess of uncombined lime in Clinker, this could damage mortars or concrete due to expansion
phenomena, by subsequent reaction of the cement with the water. In Clinker, the LS can vary between 92 and
102%. It has been proven that making changes in the amount of oxides, affects the formation of CsS (Fernandez
Paris, 1967), being the most important mineral in Clinker and once hydrated, during the hydration process of
Portland cement, the calcium silicate hydrate (C-S-H) is produced, which presents a structure in the form of
finite chains of tetrahedral silicon with undefined stoichiometry and contributes to the early strength
development in Portland cement (Fernandez Paris, 1967). The most used techniques to calculate LS of raw
material are X-rays (diffraction and fluorescence) and prompt gamma neutron activation analysis, among others
(Vazquez, 1980; Bond et al., 2000; Fan et al; 2020).

In recent years, Raman spectroscopy has gained increasing attention as a powerful analytical tool for the
characterization of cementitious materials due to its high spatial resolution and ability to identify mineral
phases and chemical bonds in heterogeneous systems. Recent advances have demonstrated that Raman
spectroscopy can be effectively applied to investigate clinker composition, monitor hydration processes, and
characterize cement microstructures at different spatial scales (Zhang et al., 2025). However, Raman
spectroscopy, in our knowledge, has not been reported as an analytical method for the study of the lime
saturation due to changes in the clay content in a raw mix. The Raman spectroscopy technique was used in
this work as an effective and alternative method to determine the lime saturation, because qualitative and
quantitative analysis can be carried out and also is useful for material characterization, proving to be a non-
destructive analytical tool capable of obtaining vibrational, rotational and other low-frequency modes of the
selected target (Ruchita & Agrawal, 2011).

Raman spectra of materials such as clay minerals were unavailable until powerful laser spectrometers became
accessible. In this way, Raman shifts have already been reported for limestone, clay, and hematite where laser
sources of excitation in the near ultraviolet, visible, or near-infrared range have been used for the analysis
(Borromeo et al., 2018; Lalla et al., 2015; Cuéllar et al., 2010; Kloprogge, 2017). Recent spectroscopic studies
have provided detailed vibrational characterization of clinker phases using Raman and infrared techniques. For
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instance, Krol et al. (2022) reported comprehensive assignments of vibrational bands for major clinker minerals
such as C3S, C2S, C3A and C4AF, demonstrating the capability of Raman spectroscopy to accurately identify
cement mineral phases and their spatial distribution within clinker samples.There are different techniques for
quantification through Raman spectroscopy, such as the proportional relationship between Raman scattering
intensity and analyte concentration.Furthermore, recent developments in Raman imaging techniques have
enabled detailed phase-specific characterization of clinker particles. Polavaram & Garg (2023), demonstrated
that Raman imaging can be used to determine particle size distribution and morphological characteristics of
individual clinker phases, highlighting the potential of Raman-based techniques for advanced analysis of cement
systems.The quantitative analysis can be done using changes in Raman band position or band shape (Pelletier,
2003). As a result of the quantitative analysis of the Raman scattering intensity, the particular data acquired
from each spectrum of raw mix can be used to calculate the intensity ratio of a determined Raman shift band
for different clay content to decide the amount of clay that is needed to improve the raw material quality. It
is worth mentioning that with the current method using X-ray fluorescence radiation, the adjustment of the
raw mixture is carried out empirically by the operator. Confocal Raman microscopy has also been successfully
applied for in-situ characterization of hydration processes in modern cement systems. Recent studies have
shown that Raman spectroscopy can monitor the formation of hydration products such as portlandite, ettringite
and carboaluminates in limestone calcined clay cements, providing valuable information about reaction
mechanisms and phase evolution (Mahosa et al., 2024).

With the method proposed by Raman spectroscopy, it is through the calculation of the intensity’s ratios of the
Raman bands. In addition, a portable Raman device can be used to perform measurements on the raw mixture
in the field optimizing the speed of adjustment in the concentration of the oxides. In addition, recent studies
have explored rapid spectroscopic approaches for the quantitative determination of oxide composition in
cement raw meals. For example, Ma et al. (2025), demonstrated that the fusion of laser-induced breakdown
spectroscopy and near-infrared spectroscopy significantly improves the quantitative prediction of CaO, Al,0;,
Fe,0; and SiO, concentrations in raw materials used in cement production. These developments highlight the
growing interest in spectroscopic techniques capable of providing faster compositional analysis compared with
conventional laboratory methods. With this approach, in this work it has been confirmed that changes in the
oxide concentration of cement raw materials can be detected after adjusting the clay component in the Polab
system and the LS module can be calculated and corroborated according to the Raman spectra.

MATERIALS AND METHODS

For the development of this work, raw materials for raw mixing, such as limestone and clay were used as main
contributors of calcium, alumina and silica; hematite was used as a material corrector of ferric oxide; and
fluorite was used as a flux corrector and mineralizer inside the rotary kiln. These raw materials are impure as
they may contain other elements such as quartz and magnesium oxide among others. However, the control of
such elements is outside the scope of this work. Only the content of clay component was modified in the raw
mix. Raw material samples were prepared in a Polab system after a raw grinding process (13 samples). The raw
mix sample arrives at the laboratory by means of a pneumatic system; then it is ground in a small mill for 150
seconds and then pressed to form the sample to be analyzed. The sample size is 5 cm in diameter. The chemical
analysis of the samples was obtained by X-ray fluorescence spectrometry (XRF, Zetium). Raman spectra were
acquired with a Thermo Scientific DXR Spectrometer with spatial resolution of 3 pm, pinhole aperture 50 pm,
grating 400 lines/mm, allowed range of 3400 to 200 cm™'. All the spectra were obtained with a Mplan 50 x/.75
objective. Laser sources of excitation at different wavelengths were used, which were 455, 532, 633, and 780
nm at a power of 5 mW on the surface of the samples. All acquisitions were carried out with dispersive Raman
software. Same raw mix samples were used for analysis in the XRF as well as for performing the measurements
in the Raman microscope.

To characterize clay adjustment, percentages of 2.80, 2.90, 3.20, and 3.40 were used in a Polab system, these
adjustments were taken as a consequence of the results of the previous chemical analysis, owing to the raw
material conditions and calcination process. The setting range for clay component is 3 to 5%, which is fixed by
each cement plant. With this range of values, it is expected to approach the LS to 100%, ensuring that the raw
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mixture is within quality parameters to form Clinker. Nevertheless, the limestone used in the raw mixture
comes from different benches or deposits which could affect the raw mixture; thereby the analysis of limestone
is beyond the scope of this work. Clay adjustments were carried out in two parts. First it varied to 3.20 and
3.40%, and one month later to 2.80 and 2.90%. For (clay content) of 3.20% the value of LS was 102%, which
indicates an excess of lime in the mixture. Because of this, another adjustment of 3.40% clay setting was made,
resulting in LS of 101.5%. With this last value of LS, the lime excess was reduced. To corroborate the effect in
LS when adjusting clay the following setting was made; for an adjustment of 2.90% the value of LS was 101.6%,
the new setting is to decrease the amount of clay from 2.90% to 2.80% resulting in LS equal to 102.1%. These
settings are normally made empirically, which might cause variations in the LS and consequently have no control
in the raw mixture. With Raman spectroscopy it is intended to have more efficient raw mix control and be able
to select the clay percentage that leads to a LS value within accepted specifications.

RESULTS AND DISCUSSION

XRF

After each adjustment in the clay component the raw mixture samples were analyzed in the XRF, where the
chemical analysis of raw mix was realized according to clay adjustments. The analysis from 3.20 to 3.40% is
shown in Table 1. It is worth mentioning that only the main oxides are shown.

When varying the clay setting, the percentage of oxides and therefore the LS value vary; accordingly, however,

values of 100% have not been reached, which requires further adjustments, which could be a long process due
to the raw mix. Table 2 shows values of LS and oxides, after adjusting the clay from 2.80 to 2.90%.

Table 1: Chemical analysis of raw mixture in accordance with clay setting and LS from 3.20 to 3.40%.

Clay setting %
Oxides %

3.2 3.4
Ca0 44 43.99
Si0; 13.51 13.54
Al,03 3.17 3.18
Fe,03 2.32 2.34
LS % 102.2 101.5

Table 2: Chemical analysis of raw mixture in accordance with clay setting and LS from 2.80 to 2.90%.

Clay setting %
Oxides %

2.8 2.9
Ca0 44.05 44.06
Si0; 13.73 13.77
A0 3.2 3.32
Fe,03 2.26 2.27
LS % 102.1 101.6
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As mentioned earlier, the clay adjustments from 2.90 to 2.80% and 3.20 to 3.40% were made at different dates.
Therefore, their results have no relationship between them. It is worth mentioning that these results are
obtained by means of the control system Polab.

As shown in Table 1 and 2, the chemical composition of the samples of raw mixture contains CaO, Fe,03, Al,0s,
and SiO,, which are the main oxides. CaO and SiO, were not detected in the Raman spectra, however Al,0;
Fe,05; and CaCO; bands were registered. A multiwavelength Raman spectroscopy was used to study the changes
in the concentration of Al,0; Fe,0; and CaCO; oxides in the raw mixture after each adjustment in the clay
component, to corroborate if there is a correlation with the results obtained with the fluorescence X-ray
technique. CaCOs; and Al,0; were detected at the region of 708-1086 cm™' (these two bands can be attributed
to both oxides), CaCO; and Fe,0; at the Raman shift of 279 cm™, these bands have already been reported
(Borromeo et al., 2018; Lalla et al., 2015; Cuéllar et al., 2010; Kloprogge, 2017). Recent spectroscopic
investigations have further confirmed the capability of Raman spectroscopy to identify clinker-related mineral
phases and carbonate components in cement systems, providing reliable vibrational fingerprints for materials
such as calcite, hematite and alumina-bearing phases (Krdl et al., 2022; Zhang et al., 2025).

It should be noted that the strongest peaks are not only due to a higher concentration of the substance but also
for a strong molecular vibration. Independently of the wavelength used, according to the multiwavelength
analysis, the Raman shifts are always the same. Changes in the concentration of oxides can be observed in the
Raman spectra shown in Figure 1 at an excitation wavelength of 780 nm after clay adjustments of 2.80, 2.90,
3.20, and 3.40% for raw mix. It is noteworthy that fluorescence is absent, allowing calculating the intensity
ratios of the Raman peaks which indicate the changes of the component concentration.
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Fig. 1: Raman spectra at excitation wavelength of 780 nm of raw mix for different clay settings,
(a) 3.20, 3.40, (b) 2.90, 2.80.

To corroborate the Raman shifts detected in the Raman spectra from the raw mix, several samples of pure
hematite and limestone were analyzed, corresponding to Fe,0; and CaCO; and the same bands have been found.
As seen in Figure 2, Raman peaks at 279, 708 and 1086 cm™' were particularly labeled to emphasize the same
peaks observed in Figure 1 for the oxides mentioned. The Raman spectrum of hematite from Figure 2 (a) reveals
that the peak intensity of the Raman shift of 279 cm™' is more intense than the recorded in the raw mix spectra
from Figure 1, this is because the percentage of hematite in the raw mix is about 1 %. Likewise, the Raman
spectrum of limestone that is shown in Figure 2 (b) was obtained only to validate the Raman shifts of 279, 708
and 1086 cm™ that correspond to CaCOs, obtained in the Raman spectra of the raw mix.
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Fig. 2: Raman spectra at an excitation wavelength of 780 nm, (a) hematite (Fe;03), (b) limestone (CaCO:s).

Calculated intensity ratios and lime saturation

Changes in the concentration of oxides in the raw mix sample after clay settings can be observed in the Raman
spectra by means of changes in the intensities of the peaks of the Raman shifts. The calculation of intensity
ratios can be used to indicate the amount of clay that is necessary to adjust in the Polab system to get LS values
that allow forming clinker. Aluminum oxide is one of the main clay components and thus its characteristic
Raman bands were used in calculations. Even though the same bands may also be attributed to limestone, they
act as a probe for the amount of oxide content in the raw mix, and our particular interest is focused on the
aluminum oxide. The intensity ratios were calculated for each clay adjustment, (1) 3.20% to 3.40% and (2) 2.90%
to 2.80%, at different excitation wavelengths (455, 532, 633 and 780 nm) considering the intensity of the Raman
peaks, for each recorded band between clay adjustments. The procedure was carried out as follows: first the
intensity ratio for 708 cm™ (Ry), then the ratio for 1086 cm™ (Rq0s), and finally adding both ratios Re,m = Ryos
+ Rypg6, Where Ry, is the setpoint for controlling the alumina in the raw mix through the clay component. The
ratios were obtained dividing the higher intensity (HP) by the lower intensity (LP) for each band (HP/LP). For
both clay adjustments the Raman spectra reveal changes in the concentration of oxides as shown in Figure 1.
For clay settings from 3.20 to 3.40%, there was an increase in the peak intensity of Raman shifts, thus for 3.40%
the value for HP was taken, whereas for clay settings from 2.90 to 2.80%, the Raman spectra reveal a decrement
in the peak intensities, therefore HP was taken for 2.90%. The calculated ratios at different sources of excitation
for each Raman shift are listed in Table 3 for clay setting from 3.20 to 3.40% where variations in some of the
ratios can be observed if one compares the values obtained for different Raman shifts. This could be due to the
heterogeneity of the sample owing to impurities in the area where the spectrum was measured. Ry, represents
the total amount of alumina in the raw mixture and can be used to calculate LS according to equation 1 (i.e.
the AL,0; term). The LS values obtained from these calculations are also shown in Table 3.

Table 3: Calculated intensity ratios and LS at different wavelength for clay setting from 3.20 to 3.40%

Wavelength (nm) Ryes R1o086 Rsum LS

780 1.59 1.61 3.2 101.8
633 1.61 1.67 3.28 101.5
532 1.54 1.11 2.65 103.3
455 1.97 2.15 4.12 99.3
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Similarly, Table 4 shows the intensity ratios and LS calculated for clay settings from 2.90 to 2.80%, at different
wavelength, which also reveals that there are variations in the ratios owing possibly to the heterogeneity of the
sample.

Table 4: Calculated intensity ratios and LS at different wavelength for clay setting from 2.90 to 2.80%

Wavelength (nm) Rzos R1ose Rsum LS
780 2.57 2 4.6 96.9
633 1.17 1.13 2.3 103.2
532 1.01 1.29 2.3 103.2
455 1.49 1.35 2.84 101.5

The data in Table 3 and 4 were used to obtain the graphs shown in figure 3 and 4, respectively for a better
visualization. As can be observed, the ratio values for each band that were calculated at a different excitation
wavelength clearly show that the behavior of the system is almost the same; the LS values obtained from the
sum of the intensity ratios are close to those calculated by the XRF method, also revealing that a relationship
exists between the current method (XRF) and the proposed one by Raman spectroscopy because both methods
are based on concentration changes in the oxides present in the raw mix, and thus can be used as
complementary methods.

Recent studies have shown that spectroscopic approaches can provide reliable quantitative information for
cement raw materials and clinker phases when appropriate spectral features are correlated with oxide
concentrations (Polavaram & Garg, 2023; Ma et al., 2025). Nevertheless, we are aware that the number of
samples is small, and further work is necessary with more samples in order to improve the selection of the best
clay settings. Although each cement plant sets its own quality parameters for the LS, Raman spectroscopy can
be used to adjust the clay to get LS within the allowed values. Additionally, with this novel method, the LS can
be calculated in a fast and reliable way because it can select a clay value without relying on the experience of
operators of the quality system.
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Fig. 3: Intensity ratios and LS for the clay setting from 3.20 to 3.40 % at 455, 532, 633 and 780 nm.
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Fig. 4: Intensity ratios and LS for the clay setting from 2.90 to 2.80% at 455, 532, 633 and 780 nm.

Therefore, the multiwavelength analysis performed using Raman spectroscopy demonstrates a reliable and
consistent approach for the quantification of the lime saturation module (LS). Similar conclusions regarding the
applicability of Raman spectroscopy for monitoring phase composition and reaction products in cementitious
materials have been reported in recent studies employing Raman imaging and confocal Raman microscopy
(Manosa et al., 2024; Zhang et al., 2025). An additional advantage of this approach is that the analysis can be
performed in situ, without requiring prior preparation of the raw material. In contrast, automated systems
currently used in cement plants involve several steps that significantly increase the analysis time. In these
systems, the powder sample collected in the field must first be transported through the pneumatic mail system
to the laboratory station (Polab), where it undergoes preparation before the analysis is carried out using X-ray
techniques. After the measurement, the sample is typically destroyed. By comparison, Raman spectroscopy
allows the analysis to be completed within a few minutes without destroying the sample, while simultaneously
providing both qualitative and quantitative information about the raw mixture composition.

CONCLUSIONS

Raman spectroscopy was successfully applied to determine the lime saturation module (LS) of cement raw mix
with different clay adjustments. The intensity ratios of the Raman bands were used to calculate LS values that
were close to those obtained using the XRF technique. These results demonstrate that Raman spectroscopy can
be used as an effective and alternative non-destructive method for estimating the LS of cement raw mixtures.

This approach enables the adjustment of clay content to obtain a raw mix with appropriate oxide proportions
and LS values within the specifications required by cement plant quality control systems. Furthermore, the LS
could be calculated in situ using a portable Raman analyzer combined with an appropriate algorithm, allowing
faster analysis compared with conventional methods.

Finally, the results suggest that this optical approach could be extended to the study of clinker systems, since
the contributions of the different oxide-related phases may also be detected using Raman spectroscopy.
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