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Abstract: Blast furnace slag is a key large-tonnage waste product of metallurgical production, which
is considered to be a promising alternative material in construction. In order to determine the scope
of potential use of slag as a marketable product, it is necessary to study its structure and composition,
which is determined by means of modern analytical instrumental methods. This paper analyzes
the application of Fourier transform infrared spectroscopy (FTIR) and chemometrics methods to
develop calibration models for identifying pelletized slag by elemental composition. In a comparative
analysis of FTIR-spectra of slag the characteristic frequencies of absorption bands responsible for
the content of calcite, silicates and aluminosilicates in the composition of samples were determined.
Multivariate regression methods (principal components regression, partial least squares regression)
and data of elemental composition results by EDX method were used to develop calibration models
for determining elemental composition of granulated blast furnace slag. Using the developed PLS
models with high performance (R? from 0.91 to 0.96 for different components), the prediction of the
elemental composition (Ca, Si, O, Mg) of the test sample was carried out and a low deviation of the
prediction in contrast to the EDX reference data was obtained. The use of PLS calibration models for
rapid and nondestructive determination of the quantitative content of components of the composition
of granulated blast furnace slag has been proposed.

Keywords: chemical composition; chemometrics; infrared spectroscopy; metallurgical slag; PCR; PLS

1. Introduction

Metallurgical slag is an inseparable byproduct of ferrous and non-ferrous metal pro-
duction [1]. Slag formation occurs when the flux material reacts with minerals or with the
oxidation products of dissolved elements during mining, smelting, or refining of metals [2].
This produces a melt of complex oxides with a low melting point—slag, which is not mixed
with the metal phase and is separated as a byproduct, which is placed in landfills or used
for recycling.

Urbanization leads to an increase in construction, increasing cement production and a
concomitant increase in carbon dioxide emissions affecting the environment [3]. Metallur-
gical slags are used as an alternative and promising material used as a primary binder [4,5].
The use of metallurgical slag as a marketable product not only has a positive effect on
environmental improvement, but also has economic efficiency [6]. The reduction in total
emissions when using metallurgical slag as a construction raw material is due to the involve-
ment of slag in production cycles and is relevant due to the development of decarbonization
trends in the industry [7].
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The chemical composition, structure and mode of processing into a product affect
the technological and operational characteristics of construction materials, including met-
allurgical slags. The composition of metallurgical slag affects the optimal sphere of its
application: high calcium content allows the use of slag in the production of binders for
cement, low—in the production of gravel or thermal insulation materials [8,9]. It has been
shown [9-11] that metallurgical slag is also used in the production of acid-resistant concrete,
slag-glass ceramics, heat-resistant concrete.

Granulated blast furnace slag can also be used for soil stabilization [11]. It was
shown [12-15] that the addition of granulated blast furnace slag activates the process of
soil chemical stabilization by changing its physical and chemical properties. At the same
time, granulated blast furnace slag or its mixtures with fly ash act as compaction agents,
binders and water repellents and change the soil behavior [16,17]. The presence of calcium
(CaO) in granulated blast furnace slag helps to reduce the setting time and increase the
compressive strength of clay soil [18-20]. During the reaction between granulated blast
furnace slag and an alkaline activator solution, calcium-aluminate-silicate hydrate (C-A-S-
H) is formed, which forms a gel in the geopolymer matrix. Such hydration products as well
as the aluminosilicate structure in the granulated blast furnace slag increase the strength
properties [21].

In order to determine the optimal application area of metallurgical slag, it is necessary
to evaluate elemental and phase composition and morphology. For applications related
to slag remelting (incorporation into mineral wool or stone/slag castings), composition
plays a key role, while morphology and phase composition are important for applications
such as a dispersed additive to mineral binders and cements, and for use as slag slurry
and stone.

The study of the composition and structure of metallurgical slag is carried out using
various methods, including X-ray diffractometry (XRD), X-ray fluorescence analysis (XRF),
electron microscopy and energy-dispersive X-Ray analysis (EDX), optical and spectral
methods of analysis [7,22-30]. A brief description of strengths and limitations of these
methods are given below.

The application of the method of X-ray diffraction analysis in assessing the composition
of slag makes it possible to establish the phase composition of the object [2,7,23,28]. The
specified method allows to characterize the slag heterogeneous in chemical composition, to
reveal crystalline phases and to estimate the ratio of crystalline and amorphous phases in the
slag composition. Among others, there is a method of quantitative nonstandard (evaluation
takes place without standard reference samples) of phase composition assessment by the
Rietveld method [31]. However, there is no universal procedure of calculation and in each
case the approximation of theoretical and experimental X-ray spectra is necessary, which
is performed manually. In this connection, the Rietveld method calculation is not highly
accurate and reproducible [32].

Another universal method for assessing the structure and composition of solid objects
is scanning electron microscopy (SEM). SEM makes it possible to evaluate the structure
of an object with considerable resolution, as well as to analyze the elemental composition
with high precision. However, this method is expensive to operate and maintain, there is a
need to place the sample in a vacuum, the inability to consider non-conductive materials.
Moreover, SEM cannot be used for rapid characterization of the composition of the object,
as there is no possibility to use a microscope on-line, for example on the production line.

The most common methods for determining elemental composition of slags are X-ray
fluorescence analysis (XRF) and energy-dispersive X-ray analysis (EDX) [33]. EDX is a
rapid method and allows you to evaluate the composition of certain areas of the sample
surface, but the determination of elemental composition is only possible for the upper
layers of the sample. In turn, XRF is also a rapid and generally non-destructive method,
with fast sample preparation and no daily recalibration of the instrument. However, XRF
can face limitations in measuring lighter elements [34].
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In turn, spectral techniques make it possible to quickly and accurately determine the
composition of not only organic, but also mineral products with minimal sample prepara-
tion and in situ. In particular, a number of works [7,25-27] have shown the possibility of
characterizing the composition of slag by means of infrared spectroscopy. The application
of multivariate analysis methods based on spectral data makes it possible to classify the
slags according to the nature of origin, as shown in [22]. Collective of authors [24] demon-
strated the use of the procedure of deconvolution of wide absorption bands in the infrared
spectrum to find additional groups of components in the composition of slags.

Analysis of the composition of granulated blast furnace slag by deconvolution of
FTIR spectra requires additional data processing [7,24], including baseline correction and
normalization. In this case, the parameters height, center, and HWHM (half-width at
half-maximum) are analyzed after curve fitting. Despite the fact that the deconvolution of
FTIR spectra, allows to analyze the composition of the slag, this methodology is not easy to
use in industrial applications, because its use in automatic mode seems difficult.

The use of FTIR methods together with the reference analysis for the analysis of
metallurgical slag composition has not been used before. In this work, for the first time,
we tested an express method of indirect evaluation of metallurgical slag compositions and
compared the efficiency of selected methods for slags from four metallurgical works using
iron ores from different deposits.

In this connection, the aim of this work is to develop calibration models for determining
the elemental composition of blast furnace slag from infrared spectra by multivariate analysis.

2. Materials and Methods

Samples of granulated blast furnace slag, differentiated by the iron ore deposit on the
basis of which the blast furnace slag was produced, were selected as objects of research.
From these samples a calibration (training) set of samples was made, which was used to
build calibration models of elemental composition determination. A sample of metallurgical
slag of unknown composition (Russia, JSC «<EVRAZ NTMK») was selected as a test sample
to check the quality and accuracy of the calibration models. Characteristics and name of
the sample of granulated blast furnace slag are presented in Table 1.

Table 1. Characteristics and name of the sample of granulated blast furnace slag.

Iron Ore Deposit on the Basis of Which Granulated Blast Furnace

Slag Was Produced, Slag Producer Set
Kostomukshskoye field, Russia (PAO «Severstal») Calibration
Stoilenskoye field, Russia (PAO «NLMK») Calibration
Magnitogorskoye field, Russia (PAO «Mechel») Calibration
Lisakovskoe field, Kazakhstan (JSC «ArcelorMittal Temirtau») Calibration

Fields of the Tagil-Kushvin group, Russia (JSC «<EVRAZ NTMK>») Test

The elemental composition of granulated blast furnace slag samples from calibration
and test samples was performed by scanning electron microscopy (SEM) on Tescan Vega3
analyzer (TESCAN, Czech Republic) using SDD-XMAS (Japan) in five repetitions. The
data of elemental analysis were taken for powder samples. Samples of granulated slag for
analysis were randomly selected from commercially available products. The granulated
slag was ground in an agate mortar to a powder fineness allowing more than 95% of
the ground fraction to pass freely through a 0.63 mm sieve. Five samples of unsieved
powder were taken for analysis, to ensure maximum accuracy and repeatability. The
larger fraction can represent separate solid phases with differing composition, so sieving
and separation were performed only to assess the degree of grinding, and SEM-EDX
analysis was performed for unsieved samples. The averaged elemental composition of EDX
spectra of each granulated blast furnace slag sample from calibration samples was used as
responses (Y matrix) in development of calibration models for composition determination.
SEM and EDX images of metallurgical slags of various origins are presented in Figure 1.
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Figure 1. SEM and EDX (a separate samples from a group of averaged) images of metallurgical
slags of various origins: (a) PAO «Severstal», (b) PAO «NLMK», (¢) PAO «Mechel» and (d) JSC
«ArcelorMittal Temirtau».

X-ray phase analysis was carried out on an Difray-401k desktop diffractometer (JSC
“Scientific Instruments”, Russia). The Bragg—Brentano measurement geometry was used,
the step-by-step scanning mode (step 0.01 deg) in the measurement range of diffraction
angles, 26 (14-140°). To identify phases in diffraction patterns, the library of the interna-
tional electronic base of diffraction standards (produced by the International Center for
Diffraction Data (ICDD)) was used: PDF-2 (Powder Diffraction File-2) databases in the
Crystallographic Search-Match Version 3.1.0.2 software. During the study, the samples
were previously pounded in a mortar.

To study the fractional makeup of the milled granulated blast furnace slags from
the calibration set the Vibrotechnik VP-30T vibration drive testing sifter and a set of
300 x 50 mm? sieves with brass mesh (mesh size 10.0 mm, 5.0 mm, 1.0 mm, 0.5 mm) were
used. The slags were sieved until only uniform particles of similar size were on the sieve.
For the subsequent calculation of packed and true density of granulated blast furnace slags
from the calibration set standard methods for crude materials were used.

The moisture values of the granulated blast furnace slag samples were obtained using
an AXIS AGS-100 moisture analyzer (Poland). The samples were kept at room temperature
and humidity for 5 days. The determination of the moisture content was carried out at a
temperature of 160. The measurement was stopped when a constant mass was reached.

FTIR spectra were obtained on a Bruker ALPHA spectrometer with ATR (attenuated
total reflection) module in the range of 4000-400 cm ! (resolution of 2 cm~!). The slag sam-
ples were ground in an agate mortar until a powder of uniform dispersion was obtained to
increase the accuracy of the recorded signal and reduce the influence of background noise
when measuring FTIR spectra. As a result, we obtained 29 spectra of samples differing
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by manufacturer, which were transformed into the data matrix X with the dimension
29 x 1748 (29—number of measurements of spectra of samples, 1748—coefficients of inten-
sity at the wavenumbers of the spectra). To interpret the functional groups of the IR spectra
of the components of the composition of the slag, the spectra of each sample were averaged
using standard formulas in the MS Excel software package (Microsoft corp., Albuquerque,
NM, USA).

To develop calibration models for determining the elemental composition of granular
blast furnace slag, we used multidimensional methods: principal components regression
(PCR), partial least squares regression (PLS), using the Unscrambler X 10.0.4 software
package (Camo Software, Oslo, Norway).

3. Main Results

The analysis of granular blast furnace slags samples was carried out in three stages.
At the first stage, analysis of the phase composition of blast furnace slag was carried out
by X-ray diffractometry. At the second stage, the interpretation of the absorption bands
of the spectra was carried out and the differences between the samples were determined.
At the third stage, development of calibration models for the quantitative determination
of the components of composition of the samples was carried out based on chemometric
algorithms and verification of the models” quality was checked using test-validation on a
test sample.

3.1. X-ray Diffractometry

When analyzing the results of X-ray diffractometry revealed a significant amount of
silicon oxide in the composition of samples from calibration set, as well as the method
of cooling (granulation) give the preconditions for the formation of an amorphous phase
(glass phase). Diffractograms of the studied samples from calibration set are shown in
Figure 2.

00 40 60 S0 100 120 140
—— PAO «Mechel» [ CaMg(Si0,),
O Ca,Mgsi,0,
o
o g o =)
[——PAO «NLMK»| A Ca,Mg(Si0,),
3
. o
Iy Iy a

Intensity

[—— PAO «Severstal»|
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Figure 2. Diffractograms of granulated blast furnace slag from calibration set (PAO Severstal, PAO
NLMK, PAO Mechel and JSC ArcelorMittal Temirtau).

The diffractogram of PAO Severstal granulated blast furnace slag does not show
pronounced reflexes corresponding to crystalline phases. The sample contains a significant
amount of glass phases.
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On the diffractogram of PAO NLMK blast-furnace slag sample there are maxima cor-
responding to mervenite phase (CazMg(5iO4);). This phase has weak hydraulic properties
and is in the middle of the series of hydraulic activity of compounds present in slag. In
addition to the mervinite phase in the sample there is a significant amount of glass phase.

At the analysis of phase composition of PAO Mechel granulated slag has been estab-
lished that in addition to the amorphous component, the acermanite (Ca;MgSi;O7) and
diopside (CaMgSiyOg) phases are present.

The diffractogram of granulated slag from the JSC ArcelorMittal Temirtau shows
reflexes corresponding to acermanite (CapMgSi,Oy) and diopside (CaMgSi,Og) phases.
The presence of a significant amount of glass phase is also noted. Its phase composition is
similar to that of PAO Mechel slag.

The phase composition of PAO Mechel and JSC ArcelorMittal Temirtau slag has been
found to be similar, and the diffractograms are almost identical. The PAO NLMK slag is
highly crystalline, unlike the PAO Severstal glass slag. This information is important for a
preliminary assessment of the structure and properties of blast furnace slag, but does not
provide comprehensive information on the composition to determine directions for its use.

3.2. Physical and Chemical Properties

Analysis of physical and chemical properties of granulated blast furnace slags is carried
out to determine the further direction of using such waste in production of constructional
materials and approaches of their technological processing. Table 2 shows moisture and
density of granulated blast furnace slags from the calibration set. According to the table,
the differences in the parameters Moisture, Packed density and True density in the samples
of granulated blast furnace slags from the calibration set are insignificant.

Table 2. Moisture and density of granulated blast furnace slags from the calibration set.

Sample Moisture, % Packed Density, kg/m®  True Density, g/cm?
PAO Severstal 0.5 1098 2.9
PAO NLMK 1.9 1056 29
PAO Mechel 0.3 1140 2.85
JSC ArcelorMittal Temirtau 0.6 1060 2.9

The purpose of sieving was to identify the dominant fraction range for granulated
blast furnace slags from the calibration set. Fractional composition of granulated blast
furnace slags from the calibration set is shown in Table 3. According to the results of
sieving through four sieves, it was found that the fractional composition of slags has a low
variability. However, the sample PAO Mechel is characterized by a more homogeneous
distribution of particles by size, which in the first approximation allows to recommend this
sample for use in the production of slag-alkali binders.

Table 3. Fractional composition of granulated blast furnace slags from the calibration set.

Hole Size of Test Sieves, mm

Sample Total
10 5 1 0.5 Less Than 0.5
PAO Severstal 0 0.9 50.7 38.9 9.5 100
PAO NLMK 0 0.5 50.5 374 11.6 100
PAO Mechel 0 1 43.9 425 12.5 100
JSC ArcelorMittal Temirtau 0 0.8 58.8 33.8 6.6 100

The elemental composition of the studied samples of granulated blast-furnace slag was
studied according to the EDX data taken from different areas and averaged (Table 4). Sam-
ples of granulated blast furnace slag from the calibration set have insignificant differences
in the content of major elements. Significant presence of O (oxygen) in the composition of
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the studied samples is associated with the structure of the material (mineral oxides) and it
is consistent with the results of the phase composition established by X-ray diffractometry.

Table 4. Fractional composition of granulated blast furnace slags from the calibration set.

The Main Elements in the Composition of the Slag

Sample
(0] Ca Si Mg Al K
PAO Severstal 54.5 32 7.6 2.7 24 0.37
PAO NLMK 53.2 30.3 9.3 3.8 2 0.33
PAO Mechel 53.8 31.2 6.9 3.8 2.8 0.3
JSC ArcelorMittal Temirtau 53.3 29.2 8.6 3.6 3.7 0.33

In this study, the analysis of physical and chemical properties of granulated blast
furnace slag did not allow to draw conclusions about the differences in the composition of
the samples. Thus, establishing a further application of granulated blast furnace slags is not
possible. In this regard, the work on the interpretation of FTIR-spectra and the construction
of calibration models as presented in the sections below.

3.3. Interpretation of FTIR Spectra

Prior to the development of calibration models, a comparative analysis of the aver-
aged IR spectra of each series of samples of granulated blast furnace slag was carried out
(Figure 3). The assignment of spectrum bands to the components of blast furnace slag
composition was carried out in accordance with previously published data [7,23-29]. For
samples from both the calibration and test sets, the absence of obvious bands and the pres-
ence of background noise in the 40001600 cm ! region were observed, so a comparative
analysis of the spectra was performed in the 1600-400 cm ! region.

0.17 e JSC «ArcelorMittal Temirtau» 467
0.09 { weseereennns PAO «Mechel»
0.08 { ===r=r=- PAO «NLMK»
0.07 { ====s==-- PAO «Severstal»
; 0.06 —— JSC «EVRAZ NTMK»
£
§ 0.05
oD
< 0.04
0.03
0.02
0.01

0 '
1600 1500 1400 1300 1200 1100 1000 900 800 700 600 500 400
Wavenumber, cm™!

Figure 3. FTIR spectra profile of granulated blast furnace slag samples from calibration (PAO
Severstal, PAO NLMK, PAO Mechel and JSC ArcelorMittal Temirtau) and test (JSC EVRAZ NTMK)
sets in the range 1600-1200 cm ™.

A comparative analysis of the positions of the maxima and the intensity of the absorp-
tion bands of the IR spectra of five samples revealed differences between them, which is
associated with differences in the composition of the granulated domain slag (Table 5).
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Table 5. Assignment of spectrum bands to components of the chemical composition of granulated
blast furnace slag.

Band, cm~1 Band Assignment Reference
1420 v * CO3 [22]
1021, 1017 **** Vs, Vag ** Si-O [5,7,25]
992, 978 **+* Vas Si-O-M [23]
945, 934 *** Vas Si—O-S5i, v,5 Si—O-Al [5,7,25]
875, 852 ¥ vs CO3 [22]
712 vs CO, [23]
535 A #* Si—O-Al [22]
514 § Si-O-Al [22,26]
504 § Si—O (SiOy) [24,27]
466 § Si—O (Si0,) [23]

* vs—stretching symmetric vibrational modes; ** v,s—stretching asymmetric vibrational modes; *** 6—bending
vibrational modes; **** —shifts of absorption bands of the spectrum detected in the test sample.

Among the IR spectra of the samples from the test sample in the 1600-400 cm !
range, the main differences were observed for three absorption bands at 1420, 875 and
712 cm—1, corresponding to vibrations of carbonate groups (CO3), which constitute calcium
carbonates [18]. The test sample lacks an obvious absorption band maximum at 1420 cm ™},
there is a shift in the absorption band from 875 cm~1 t0 852 em ™1, and the absorption band
maximum at 712 cm~! enters the broad absorption range of 730690 cm 1.

The absorption bands in the bands 1100-900 cm~! and 600-400 cm ™! (fingerprint
region), which are characteristic of the absorption of silicates and aluminosilicates [7,24-30],
were also detected. For the PAO “NLMK” sample, absorption bands at 1021, 992 and
945 cm~! are observed, which, according to [23-29], are attributed to Si-O, Si-O-M (M-
metal) vibrations. The test sample, unlike the samples from the calibration sample, showed
a shift of the Si-O valence vibration band from 1021 cm~! to 1011 cm™!, a shift of the
Si-O-M valence vibration band from 992 cm ™! to 978 cm 1. According to [26], this shift is
due to the silicate content in the slag composition. Indeed, the silicate content in the test
sample according to EDX data is 2% higher than the silicate content in the samples from
the calibration set.

The PAO “NLMK” sample also exhibited a triplet in the 540-500 cm ™! region with
absorption maxima at 535, 514, and 504 cm™ L, corresponding to the strain vibrations of
5i-O-Al and Si-O (SiO4) [27,28,30]. The presence of three narrow peaks in the spectrum
of the PAO “NLMK” sample is probably associated with the formation of silicate crystal
structures during melt cooling [35]. The presence of broad absorption bands in these
spectral ranges without clear peaks in the remaining samples from the calibration set and,
especially, from the test sample testifies to the amorphous state of silicates in these samples,
unlike the PAO “NLMK” sample with clear 5i-O-5i and Si-O-A vibration absorption bands
characteristic of the crystalline phase.

For the test sample, unlike the samples from the calibration set, the Si-O (SiO,) strain
vibration absorption band at 466 cm ™! was noted, which also corresponds to a relatively
higher silicate content in the test sample.

3.4. Development of Calibration Models for Determining the Elemental Composition of Granulated
Blast Furnace Slag

At the stage of preliminary analysis of development of calibration models the following
tasks were solved:

- Selection of composition elements as predictors in the development of calibration
models (Ca, O, S5i, Mg were selected). The selection of predictors was carried out in
accordance with [8,9], where the elements of composition influencing the choice of the
scope of potential application of the blast furnace slag sample are indicated.

- Selection of the optimal method of multivariate calibration: PCR and PLS (PLS
was chosen);
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- Building of models with different spectral range (range 1600-400 cm ! was chosen)

and number of factors (latent variables) to increase the accuracy of the final models
(Table 5);

- Assessment of models’ efficiency according to the indices of root-mean-square error
of validation and prediction (RMSEV and RMSEP, respectively) and coefficient of
determination of validation and prediction (R?(V) and R?(P), respectively);

- Verification of calibration models using test-validation (Table 6).

Table 6. Verification of the quality and accuracy of calibration models for determining the components
of the composition of granulated blast furnace slag.

Method Component  Spectral Range, cm~1  Number of Factors Set RMSEV/RMSEP  R2(V)/R%(P)
PCR ca 000-400 1 Calibration 054 074
PCR s 4000400 2 Calibration 061 058
PCR 0 000-400 1 Calibration 021 053
PCR Mg 4000400 ; Calibration 033 056
PLS ca 000-400 . Callbration 026 094
PLS s 4000400 : Calibration 021 095
PLS 0 000-400 . Calibration 01 096
PLS Mg 4000400 ; Calibration 01 096
PLS ca 1600-400 7 Calibration 026 094
PLS s 1600-400 ; Calioration 0417 096
PLS 0 1600-400 ' Calibration 015 097
PLS Mg 1600-400 ; Calibration 013 091

The results of the modelling are shown in Table 6.

Based on the results of the modelling, the PLS models in the 1600400 cm~! range were
selected as the most representative ones due to the high R? and low RMSE values, affecting
the quality and accuracy of the models, respectively. PCR calibration models were not used
for test-validation due to low R? values. It should be noted that regardless of the choice of
predictors, in general the increase in accuracy of all calibration models is associated with
the removal of uninformative regions of the IR spectrum from 4000 to 1600 cm .

Test-validation of chemometric models for determining the components of the compo-
sition of granulated slag was carried out (Table 7). The difference of the results of prediction
by the PLS method from the elemental composition data by EDX is ranked in the range
of 0.9-6.5% depending on the component being determined. The use of PLS calibration
models based on spectral data in the range of 1600-400 cm ! for rapid and nondestructive
determination of quantitative content of components of composition of granulated blast
furnace slag has been proposed.
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Table 7. Assignment of spectrum bands to components of the chemical composition of granulated
blast furnace slag.

Content, %wt.

Component Deviation of PLS from EDX, %
Prediction by PLS Model Elemental Composition by EDX
Ca 18.8 £ 2.6 201£1.0 6.5
Si 10.7 £ 2.0 10.6 + 0.6 0.9
(@) 50.3 £1.6 48.6 £1.2 35
Mg 59 £15 58 £0.3 1.7

The comparative analysis of the obtained results with the composition-based rec-
ommendations on the basis of works [8,9,36] allows to formulate recommendations on
directions of use for granulated blast furnace slag from the test set. JSC «<EVRAZ NTMK»
granulated blast furnace slag due to its low content of calcium can be recommended for
the production of gravel or slag wool. However, these models work well within a homoge-
neous group of samples, e.g., blast furnace slag. When switching to converter or ferroalloy
slags, model modifications will be required.

The application of FTIR spectroscopy to estimate the composition of granulated
blast furnace slag is mainly related either to the identification of characteristic spectrum
bands [25-27], or to the application of classification methods (PCA, SIMCA) for slag grad-
ing [22], or to their search by deconvolution of broad-spectrum bands [7,24]. However, the
practical application of the chemometric method to estimate the composition of granulated
blast furnace slag is not common enough.

The novelty of our research is the use of FTIR spectroscopy as a simple, rapid and
inexpensive way to characterize the composition of blast-furnace slags, primarily by the
degree of carbonization of Ca and Mg oxides, which is difficult for traditional X-ray
methods [2] but is extremely important for their applications as a raw material for mineral
binders and synthetic stone casting, as well as calculating the amount of carbon dioxide
absorbed and stored by the slag during storage at the landfill.

Comparing the results obtained with similar approaches [37-39], it should be noted
that deep learning algorithms are structurally different from traditional chemometric meth-
ods and have significantly more parameters [40]. Therefore, using deep learning algorithms
to build efficient calibration models for determining the composition of slag can be chal-
lenging for both the developer and the end operator. The proposed approach provides
diagnostic tools and rapid determination of granulated blast furnace slag composition with
accuracy comparable to modern deep learning algorithms.

4. Conclusions

The EDX method was used to evaluate the structure and elemental composition of a
series of granulated slag samples.

Interpretation of FTIR spectra of a series of samples of granulated blast furnace slag
was carried out and the absorption bands that make the greatest contribution to their
differences in composition were identified.

Multivariate regression methods (regression on principal components, projection to
latent structures) and data of elemental composition results by EDX method were used
to develop calibration models for determining elemental composition of granulated blast
furnace slag. Using the developed PLS models, prediction of the elemental composition of
a test sample was carried out.

The possibility of using a combination of infrared spectroscopy and multivariate anal-
ysis methods for rapid and nondestructive identification of the composition of granulated
blast furnace slag has been demonstrated.

The approach proposed in our work is simple and has the potential to be used in
automatic mode. The developed chemometric models allow quick and precise deter-
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mination of slag composition, with minimal sample preparation and have potential for
industrial application.

Subsequent research will focus on expanding the range of application of this method,
namely for the identification of other metallurgical wastes and in mining and geological
prospecting activities.
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