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Partial least squares (PLS) regression models were developed to quantify CaCOj3 in cement and to study the CO5
effect on the material matrix. PLS results presented good correlation coefficient (R? = 0.9995) and low esti-
mation error (RMSEP = 3.61 mg CaCO3/g cement). From the results, it was observed that the portlandite
consumption, the increase in CaCO3 content and the C-S-H decalcification-polymerization are the most relevant
cement chemical transformations. Thus, it was concluded that: i) it is possible to obtain fast, low-cost, and
reliable models to quantify CaCOs by FTIR and ii) the method is applicable to study carbonated cement-based

1. Introduction

Greenhouse gases (GHG) influence on the environment is one of the
humanity’s greatest concerns in the 21st century. Emissions of green-
house gases, such as methane (CH4) and carbon dioxide (CO3), are
among the main drivers of global warming [1-3]. Currently, the main
sources of GHG emissions are related to: (i) energy from fossil fuels, (ii)
land use change and deforestation and (iii) decomposition of minerals
(carbonates) [1,4-5]. In this context, the largest emission source from
carbonate decomposition comes from cement production chain, repre-
senting about 5 to 7% of the global emissions budget [6-7].

Cement is one of the most important materials in civil construction
and is applied as a binding agent in structural foundations or as a pro-
tective element [8]. Within this context, cement and CO, are two topics
of interest to the academic community and are often closely related.
Although the environmental issue is predominant, with attention
focused on mitigating the impacts associated with the cement produc-
tion chain, there are key issues under discussion about the influence of

CO, on the performance or integrity of cementitious materials. All
cement-based material undergoes a certain level of carbonation
throughout its life cycle due to its chemical composition [9-10]. Thus,
carbonation is a topic of great interest in several economic segments
[10-11]. While the research topics: (i) natural carbonation (atmospheric
carbonation), (ii) accelerated carbonation and (iii) well cement
carbonation, focus on material integrity issues [6,12-15], the fields of
study: (iv) carbonation curing (accelerated curing) and (v) CO, miner-
alization (mineral sequestration), evaluate cement-based materials in
the context of Carbon Capture, Utilization, and Storage (CCUS)
[13,16-17].

Portland cement is a dominant class of cementitious materials. It is
composed of four main compounds: tricalcium silicate (C3S - Ca3SiOs -
alite), dicalcium silicate (CsS - CasSiO4 - belite), tricalcium aluminate
(C3A - CasAlyO¢ - celite) and tetracalcium aluminoferrates (C4AF -
CasAlyFes0q - brownmillerite) [18-21]. These compounds are hydrat-
ed during the cement curing process, that takes place over several days
and gives the necessary mechanical and chemical characteristics to the
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material for several application [18,22-25]. The main hydration prod-
ucts are calcium silicate hydrate (C-S-H), a semi-amorphous phase
responsible for the cement mechanical properties, and portlandite [CH -
calcium hydroxide - Ca(OH)2], which serves as an alkaline reserve of the
material and is characterized by having a crystalline structure
[19,26-28].

The main components of cementitious materials are sensitive to the
CO4 action and are subject to the carbonation process [3,29]. These
chemical processes produce calcium carbonate (CaCO3) and amorphous
silica, among other minority compounds, which induce several changes
in the chemical composition, mechanical strength, and pore size distri-
bution of the cement matrix [30]. The main consequence of CO- attack
on the cement matrix is a potential loss of material’s integrity [27],
which can be accelerated by exposure to supercritical CO [31]. In this
context, some factors can influence the carbonation rate of cement,
including: (i) curing conditions of the material, (i) type of cement
(chemical composition), (iii) presence of additives and (iv) water-to-
cement ratio [65]. Thus, it is of great importance to develop methods
that can be used to evaluate the extent of the carbonation process of
cementitious materials.

Because of the complexity of cementitious materials, it is necessary
to employ several complementary analytical techniques to comprehen-
sively characterize such materials [32-33]. Furthermore, when the
carbonation process is considered, many difficulties and uncertainties
are added to research and development projects [34]. In this context, it
is essential to: (i) quantify the carbonation reaction products, (ii) control
the carbonation process and (iii) understand its effects on the cement
integrity and properties. Thus, techniques such as phenolphthalein test,
X-ray florescence (XRF), X-ray diffraction (XRD), transmission electron
microscopy (TEM), scanning electron microscopy (SEM), X-ray micro-
tomography (MicroCT), thermogravimetric analysis (TGA), nuclear
magnetic resonance (NMR) spectroscopy and infrared (IR) spectroscopy
are widely applied in the literature to characterize carbonated cemen-
titious materials and their composites [32,35-38]. Among the charac-
terization methods, the analysis of CaCOs in cementitious materials can
be performed in the following way: (i) qualitative, by means of
phenolphthalein, TEM and SEM methods, (ii) semi-quantitative, using
the IR, MicroCT, XRD and XRF instruments and (iii)) quantitative,
through TGA analysis [11,35-36,39-40]. In addition, XRD, SEM, IR and
TGA can be applied, with their respective limitations, to identify the
presence of different CaCO3 polymorphs (amorphous carbonate, vater-
ite, aragonite and calcite) [31,41-42]. Otherwise, NMR is applied only
to analyze the siliceous (295i NMR) and aluminate (27A1 NMR) cement
phases; however, it is not usually applied to analyze CaCO3 from 3C
NMR [11,39,43].

The quantitative analysis of CaCOj3 in the cementitious matrix is one
of the central points in all studies involving the carbonation process.
However, the characterization methods suffer from one or more re-
strictions related to: (i) equipment availability, (ii) sensitivity and
specificity of the method, (iii) lack of specialized human resources, (iv)
analysis cost and/or (v) time-consuming procedures for sample prepa-
ration and analysis [38,40,44]. Thus, developing new solutions that
allow fast, low-cost, and reliable quantification of CaCO3 content in
cementitious matrix is necessary. In this context, it was identified that
Fourier Transform Infrared Spectroscopy (FTIR) is a technique that
meets all the listed requirements. FTIR is widely available in analysis
laboratories, is simple and easy to operate, performs fast and non-
destructive analysis, requires small amounts of sample (0.1 g), pre-
sents few sample preparation steps, is versatile and capable of evalu-
ating both amorphous and crystalline matrices, presents low operation
and maintenance cost, and generates substantial amounts of data
(spectra) [8,39,45-49]. In the study of cement-based materials, FTIR is
normally applied as a complementary analytical tool to evaluate hy-
dration or carbonation products at qualitative or semi-quantitative level
[8-9,39,46]. However, for quantitative purposes, FTIR could be coupled
with multivariate analysis (MVA) to increase the sensitivity and
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specificity of the method.

Previously, FTIR was applied for quantitative analysis of CaCOs in:
(i) carbonate rock [40], (ii)) diatomite ore [50], (iii)) sediments
[45,49,51-53], (iv) soil [54] and (v) cement [55-56]. Among the studies
involving the CaCOs3 quantification in cement, it was observed that
Hughes et al. [56] applied the Diffuse Reflectance Mid-Infrared Fourier
Transform Spectroscopy (DRIFTS) coupled with multivariate analysis to
estimate the CaCOj3 content in API well cements with known elemental
composition and varied origin. However, despite presenting partial least
squares (PLS) regression with a good correlation coefficient R? =
0.9950), the model’s application range was limited to 0 to 2 wt.% of
CaCOs. On the other hand, Legodi et al. [55] applied the FTIR to cali-
brate a quantitative model to estimate the CaCO3 content in limestone
and neat cement mixtures, covering the range of 0 to 100% by weight.
The best model was obtained from the integrated area of the carbonate
peak (CO3%) at 876 cm ™ presenting a good correlation coefficient (R?
= 0.9990). However, none of these studies considered the effect of the
carbonation reaction on the cement. Thus, it was not possible to assess
whether there is a matrix effect resulting from other products of the
carbonation reaction as well as the influence of these transformations in
the FTIR spectrum and in the predictive capacity of quantitative models.
In addition, both works applied KBr to perform sample preparation
[55-56], which adds an additional analysis procedure step and a new
source of possible measurement errors. To our knowledge, since Legodi
et al. [55], there was no research proposing methods to quantify CaCO3
in cement by FTIR.

In this context, it was proposed in this work to use the Fourier
Transform Infrared Spectroscopy (FTIR) and multivariate calibration as
a fast, low-cost, and reliable solution to obtain quantitative models to
analyze CaCOg3 content in cement. The analyzes were performed using
the Attenuated Total Reflectance (ATR) accessory, which requires a
reduced number of preparation steps [32,40]. API class G cement was
used as reference and the material was submitted to carbonation process
with supercritical CO5. Previously, no study considered the effect of the
carbonation reaction on the cement matrix to develop quantitative
models. It should be emphasized that carbonation reaction influence on
the cement properties (chemical and physical). Thus, it is necessary to
study the effect of chemical transformations resulting from the exposure
of cement to supercritical CO5 on the quality of predictive models. In this
way, the multivariate calibration model was developed with a carbon-
ated cementitious material. It is noteworthy that the application of CO,
curing and/or CO, mineralization (mineral sequestration) to mitigate
environmental impacts is beyond the scope of this study.

2. Materials and methods
2.1. Materials

Calcium oxide (Exodo, 95%), calcium carbonate (calcite CaCOs,
Merck — 99.9%), phosphoric acid (Sigma-Aldrich, 85%), carbon dioxide
— CO3 (Air Products, 99.99%) and phenolphthalein (Quimica Moderna,
analytical grade) were used without further purification and its basic
properties are detailed in Table S1 (Supplementary Material). The
cement applied in this study was an API class G cement (Lafarge Holcim)

Table 1
Chemical composition of API Class G cement.

Chemical composition Percentage [%]

Si0, 29.25
Al,O3 3.95
Fe03 4.57
Ca0 65.07
MgO 2.32
SO3 2.27
Nay0 0.25
K,0 0.33
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and its chemical composition is shown in Table 1.
2.2. Sample preparation

Class G cement paste (cement anhydrous + water) was prepared
following the recommendations of American Petroleum Institute speci-
fication 10A [57]. The cement paste was prepared with no additives
using 0.44 water-to-cement ratio. The detailed procedure for preparing
the cement paste using a Chandler Engineering mixer (model 3260) is:
(i) initially, water is added to the mixing vessel, (ii) the cement powder is
added over a 15 s mixing cycle at 4,000 rpm and (iii) the final mixing is
carried out through a second mixing cycle of 35 s at 12,000 rpm. Then,
the cement paste is poured into 16 PVC molds (Figure S1 - Supple-
mentary Material), the molds are closed and cured in a thermostatic bath
at 65 °C and at atmospheric pressure for 14 days. After curing, cylin-
drical cement specimens were demolded, and their dimensions were
adjusted to 22 mm in diameter and 44 mm in height with a low-speed
cutter (Isomet).

2.2.1. Preparation of non-carbonated cement powder

Cured cement specimens were ground in a ball mill (De Leo 0907) to
obtain the non-carbonated cement powder (C1 - non-carbonated). Half
(8) of the class G cement specimens were ground in a cylindrical vessel
(17.8 cm in height and 17.8 cm in diameter) under 150 rpm for 12 h,
while the other half (8) were used to study the carbonation process of
cylindrical cement specimens. The load of the grinding steel balls was:
?»50 mm balls (5 units), 40 mm balls (5 units), @32 mm balls (5 units),
@15 mm balls (5 units), @25 mm balls (24 units), @19 mm balls (15
units) and @10 mm balls (21 units). After grinding, the cement powder
was manually sieved through #270 mesh sieve and stored in a
desiccator.

A)

h
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2.3. Carbonation with supercritical CO»

Cement carbonation experiments (cylindrical specimens and pow-
ders) were conducted in an HPHT (high pressure-high temperature)
pressure vessel under CO, supercritical environment, as shown in Fig. 1.
The supercritical state is a special condition in which fluids acquire
unique properties, being reached by CO; at pressures greater than 7.39
MPa and temperatures above 31.1 °C [30,58]. Eight cylindrical cement
specimens were exposed to a supercritical COp-ultrapure water system at
65 °C and 15 MPa for 7 days (wet carbonation). Such reaction conditions
simulate environments compatible with the application of cement in
Carbon Capture and Storage (CCS) wells. The quasi-static reaction
environment is reported as the most appropriate model to simulate the
well dynamics [22,59], since continuous and extensive failures are not
frequent in geological formations [60]. The experiment with cylindrical
specimens was carried out to evaluate the behavior of the cement ma-
terial when exposed to supercritical CO,. After the carbonation experi-
ments, the cylindrical cement specimens were evaluated by the
phenolphthalein test, SEM-EDS microscopy and MicroCT analysis.

The experiment with the cement powder was carried out to accel-
erate the carbonation processes from the exposure of the material to
supercritical COy [31]. C1 sample (non-carbonated cement) was
exposed to a supercritical COs-ultrapure water system at 65 °C and 15
MPa for 7 days. After the reaction with COj, both solid and liquid
fractions from the HPHT pressure vessel were dried together in an oven
at 60 °C for 24 h, obtaining a homogeneous solid fraction with a whitish
color. After the carbonation experiments, the non-carbonated (C1) and
carbonated (C11) cement powders were evaluated by the XRD diffrac-
tion, SEM-EDS microscopy, gas chromatography analysis and FTIR
spectroscopy.

2.3.1. Cement carbonation reactions
In the present work, the carbonation process in an aqueous medium

Fig. 1. Experimental arrangement to perform cement specimen’s carbonation experiments with supercritical CO,: (A) conceptual design and (B) high pressure-high

temperature (HPHT) pressure vessel.
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(wet carbonation) was carried out to simulate the conditions of CCS
reservoirs. Based on the literature, the main carbonation reactions
consume the calcium silicate hydrate (C-S-H) and portlandite (CH)
phases, producing different calcium carbonate (CaCO3) polymorphs
(amorphous, calcite, aragonite and vaterite) and amorphous silica
[24,61]. In addition, non-hydrated cement fractions (C3S and CyS) are
also consumed by the carbonation process and produce CaCOs and
siliceous products. These reactions are represented by Equations 1-8
[12-13,22].

C3S(5) +3C0s0g) + nH204)~Si02.nH, 0 + 3CaCOsy) €h)
C2S() +3C05(0g) + nH20)~Si02.nH>0 ) + 3CaCOxy) @)
Ca(OH)y, + CO3,,) +2H |, = CaCOx) +2H,0) (3
Ca(OH)y, +HCO ) +H,,—~CaCOxy,) +2H,0 Q)
C - S —Hy + CO3,, +2H{,,—~CaCOy + SiO,OH,, (5)
C—S —Hy, +HCO,, +H,,—~CaCOx,) + SiO.OH,, (6)
CaCOsx(5) + COyg) + Hy0) < Cai, + HCOy @
CaCOsy +2H ) < COy,) + HyO() + Call, )

2.4. Sample characterization

In the present work, the following characterizations methods were
performed to analyze the non-carbonated and carbonated cement sam-
ples: (i) phenolphthalein test, (ii) X-ray microtomography analysis
(MicroCT), (iii) scanning electron microscopy (SEM), (iv) X-ray diffrac-
tion analysis (XRD), (v) gas chromatography to estimate carbonation
degree of cement powder, and (iv) Fourier Transform Infrared Spec-
troscopy (FTIR). The experimental procedures and analytical methods
are detailed below.

2.4.1. Phenolphthalein test

The phenolphthalein test is one of the most used methods to evaluate
the carbonation of cementitious materials [9,62]. In this test, the cy-
lindrical cement specimens were cut longitudinally, and a solution of
phenolphthalein (2%) in ethyl alcohol-water (48:50 v%) was sprayed on
the surface of the material to highlight the boundaries of non-
carbonated (pink colored) and carbonated (grey colored) cement
phases.

2.4.2. X-ray microtomography analysis (MicroCT)

X-ray microtomography (MicroCT) analysis was performed on the
Skyscan 1173 X-Ray Microtomograph (Bruker) following the manufac-
turer’s recommendations. The cylindrical cement specimens were
analyzed by MicroCT before and after the carbonation process to eval-
uate the effect of supercritical CO, on the microstructure of the material
using a non-destructive method.

2.4.3. Scanning electron microscopy (SEM)

The analysis of cement by scanning electron microscopy with energy
dispersive X-ray spectroscopy (SEM-EDS) was performed using the
Inspect F50 - FEI microscope to: (i) characterize the structure of the
cement, (ii) analyze the elementary profile of cement specimens after the
carbonation process (elemental mapping) and (iii) characterize the
morphological structure of the cement powder before and after the
carbonation process.

2.4.4. X-ray diffraction analysis (XRD)
Mineral composition analyzes were performed using an XRD
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diffractometer D8 Advance A25 (Bruker) at a voltage of 40 kV, a current
of 30 mA with Cu-Ku radiation and a scanning step size 0.02° in the 6-26
ranging from 2 to 80°. The mineral composition of the cement powder
was analyzed by XRD before and after the carbonation process.

2.4.5. Carbonation degree of cement powder

Before developing the CaCO3 quantification method in cement by
FTIR, it was necessary to estimate the CaCO3 content of the samples in
an appropriate unit of measurement. In the present work, mg CaCOs/g
cement was proposed as the appropriate unit of measurement. A
detailed description of the sample preparation, characterization pro-
cedures and the results of analysis are presented in the Supplementary
Material (Table S2 and Figure S2) [9,63-64]. Thus, the calcium car-
bonate content of the non-carbonated (C1 — 45.80 mg CaCO3/g cement)
and carbonated (C11 — 468.20 mg CaCO3/g cement) samples were
estimated from the experimental analysis, while the carbonation degree
of the non-carbonated (C1 — 3.80%) and carbonated (C11 — 38.82%)
samples were estimated from Equation (9) and (10).

Max CO,uptake (%) =0.785(Ca0—0.7505)+1.091MgO+1.420Na,O
+0.935K,0 9

CO, uptake

_ 10
max CO, uptake a0

Carbonation degree (%) = 100x

From the results, it was observed that the non-carbonated cement
powder (C1) underwent a partial process of natural carbonation, while
the carbonated cement powder (C11) was considerably transformed
from the reaction with supercritical COy. Thus, this information is
essential for the FTIR-based method and was considered throughout the
quantitative model development to estimate the CaCOs content in
cement.

2.4.6. Fourier transform infrared spectroscopy (FTIR)

Fourier transform infrared (FTIR) spectra were obtained using a
PerkinElmer Spectrum 100 instrument with a Universal Attenuated
Total Reflectance (ATR) accessory. The ATR consists of diamond/ZnSe
crystal (1 reflection), top plate and pressure arm with force indicator.
FTIR spectra were recorded in the range of 4000 to 650 cm ™’ resolution
of 4 cm™!, 16 scans and triplicate analysis. Clean ATR diamond/ZnSe
crystal was used to record the background spectra.

2.4.7. Preparation of cement powder mixtures

The samples for calibration (C1-C11) and validation (V1-V10) of the
FTIR-based method for CaCO3 quantification were prepared from a
physical mixture between non-carbonated (C1 — 45.80 mg CaCO3/g
cement) and carbonated (C11 — 468.20 mg CaCO3/g cement) samples.
All mixtures are detailed in Table 2. The application domain of the
multivariate model covers the range of 45.80 to 468.20 mg CaCOs/g
cement. For model calibration, triplicates of non-carbonated (C1) and
carbonated (C11) samples were obtained from the homogenized sample
quartering. In addition, triplicate was prepared for each calibration
mixture (C2-C10), while a duplicate was prepared for each point in the
validation set (V1-V10). Thus, 33 samples and 99 FTIR spectra comprise
the calibration set, while 20 samples and 60 FTIR spectra compose the
validation set.

2.5. Data analysis

The data analysis was performed by means of partial least squares
(PLS) regression in the software Solo + MIA (Eigenvector Research).
Thus, PLS regression was applied to develop the model to quantify
CaCOs in cement. The method is briefly detailed below.

2.5.1. Partial least squares (PLS) regression
Partial least squares (PLS) regression is the multivariate method
applied to develop quantitative models. Thus, PLS aims to evaluate the
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Table 2
Cement powder calibration and validation sets applied in the multivariate
model.

Calibration set Validation set

Sample mg CaCO3/g cement Sample mg CaCO3/g cement
Cl1 45.80 Vi1 67.17
C12 45.80 V1.2 69.92
C13 45.80 V21 110.96
C21 88.73 V2.2 110.69
c22 88.60 V3.1 152.11
c23 88.39 V3.2 152.38
C3.1 132.68 V4 193.25
C32 131.98 V4.2 193.81
C33 130.68 V5.1 235.74
C4.1 173.74 V5.2 236.46
C4.2 173.56 V6_1 276.66
C43 171.82 V6.2 278.50
C51 214.56 V71 319.58
C5.2 215.60 V72 319.65
C53 216.08 V8.1 360.40
C6.1 256.50 V8_2 360.45
C6_2 257.48 Vo 403.45
C6.3 258.13 V9.2 404.29
Cc71 298.13 V101 445.33
Cc722 298.43 V10_2 445.92
Cc73 298.65

c81 339.80

82 340.57

83 341.35

91 380.95

C92 381.09

Co3 382.80

C10.1 422.69

C102 425.26

C10_3 425.62

C11.1 468.20

Cl1.2 468.20

C11.3 468.20

relationship between predictive variables (X) and response properties
(Y) through latent variables (factors) and load weights, optimizing the
covariance relationship (X/Y) and establishing a regression. In the pre-
sent work, the pre-processing of the FTIR spectra was carried out
through the mean centering (MC), baseline correction (BC), standard
normal variate (SNV) normalization and first derivative (1st Der).

3. Results and discussion

The results and discussions of the present work were divided be-
tween: (i) the carbonation reaction of the cylindrical cement specimens
by supercritical CO, (ii) the carbonation reaction of the cement powder
(C1) by supercritical CO5 and (iii) the development of the multivariate
analysis models based on FTIR spectra of non-carbonated (C1) and
carbonated (C11) cement mixtures. For brevity purposes, the results of
the carbonation study of cylindrical cement specimens are presented in
Supplementary Material (Pages $12-S17).

3.1. Carbonation of cement powder

After evaluating the effect of supercritical CO2 on cylindrical cement
specimens (Supplementary Material), the carbonation process was
accelerated from the reaction of CO, with powdered cement. The high
surface area of the powdered cement reduces the time required for the
carbonation process to achieve high conversions of the CH and C-S-H
phases and produce a large amount of CaCOj3 and siliceous products [31].
Thus, the non-carbonated cement powder (C1) was obtained from the
grinding of class G cement specimens, while the carbonated cement
powder (C11) was obtained from the reaction of sample C1 with super-
critical COo. Then, both samples (C1 and C11) were extensively charac-
terized by XRD diffraction, SEM microscopy and FTIR spectroscopy.
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3.1.1. Cement powder XRD analysis

Initially, non-carbonated (C1) and carbonated (C11) cement pow-
ders were analyzed by XRD diffraction. XRD was applied to identify the
cement crystalline mineral components, although there is considerable
amorphous fraction in the material [9,43,65]. Fig. 2 shows the XRD
diffraction pattern, and the Supplementary Material (Table S3) presents
the estimated mineral content of the crystalline fraction.

From the XRD pattern (Fig. 2A and Table S3) of the non-carbonated
cement powder (C1), it was possible to observe that cement presents a
greater diversity of crystalline components, characterized by: (i) unhy-
drated cement phases, composed of C3S (Ca3SiOs - Alite) and calcium
aluminum iron oxide (CayFe; 5Aly50s), (ii) cement hydration products,
from the presence of portlandite (CH) and ettringite [CagAlx(-
S04)3(0OH)12-26H20] and (iii) a small fraction of calcite (CaCOs3 poly-
morph), resulting from the process of natural carbonation by
atmospheric CO, throughout the sample preparation. No other CaCOs3
polymorph (amorphous, vaterite or aragonite) was identified. The
observed profile is commonly described in the literature since a com-
plete cure is unlikely and CH and ettringite are expected products of API
class G cement hydration [3,10,19,66]. In addition, a small content of
CaCOgs is expected since it is unlikely to prevent the occurrence of nat-
ural carbonation [6,14,30]. Natural carbonation is explained by the
reactivity of Ca(OH), with atmospheric COy and the difficulty of car-
rying out all sample preparation procedures (cement curing, grinding,
sieving and storage) in inert environments. Furthermore, the calcium
carbonate content for C1 (non-carbonated cement powder) was esti-
mated as 45.80 mg CaCOs3/g cement, corresponding to 2.01 wt.% of CO»
and 3.80% of carbonation degree.

On the other hand, from the XRD pattern (Fig. 2B and Table S3) of
the carbonated cement powder (C11), it was confirmed that the sample
undergoes a high degree of chemical transformation. It was observed
that the crystalline fraction of C11 (carbonated cement powder) is
basically composed of calcite (CaCO3 polymorph). In addition, trace
fractions of C3S (CasSiOs - Alite), calcium aluminum iron oxide
(CagFe; 5Alp 505) and quartz (SiOo) are still identified, although they are
not very representative in the composition of carbonated cement (C11).
The carbonation process completely consumed portlandite (CH), being
not identified in the C11 sample. The observed profile is commonly
described in the literature since most carbonation products have
amorphous characteristics [39,66-68]. In addition, from the XRD re-
sults, the CaCO3 content of the C11 sample (carbonated cement) is
significantly greater than what would be obtained from the single con-
version of portlandite (CH). Thus, it was concluded that there is a high
conversion of calcium silicate hydrate (C-S-H) to calcium carbonate and
that both phases (CH and C-S-H) carbonation resulted in the formation
of calcite polymorph. The preferential precipitation of the CaCOs
polymorphs (calcite, aragonite and vaterite) is influenced by the reac-
tion time, the carbonation degree and the other chemicals presence
[11,41]. However, calcite is the most stable polymorph of calcium car-
bonate [69]. In this context, it is expected that in advanced stages of
cement carbonation calcite will be the predominant CaCO3 polymorph,
being produced by precipitation and transformation processes of other
calcium carbonate compounds (amorphous, vaterite and aragonite)
[30,42-43]. Furthermore, the calcium carbonate content for Cl1
(carbonated cement powder) was estimated as 468.20 mg CaCOs/g
cement, corresponding to 20.59 wt.% of CO, and 38.82% of carbonation
degree (approximately 10 times greater than in the C1 sample). Thus,
these values found for C1 and C11 samples should be considered to
develop a quantitative model based on FTIR.

3.1.2. Cement powder SEM microscopy

After characterizing the mineral composition of the non-carbonated
(C1) and carbonated (Cl1) cement powders, SEM was applied to
perform the materials morphological analysis (see Fig. 3).

From the non-carbonated cement (C1) SEM images (Fig. 3A and 3B),
only pulverized calcium silicate hydrate was identified. Although C-S-H
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Fig. 2. XRD diffraction pattern of non-carbonated (C1) and carbonated (C11) cement powders.

gel is the major responsible for the development of mechanical strength
of the cement [46,70], due to its low crystallinity and absence of pref-
erential plans for cleavage of the mineral [19,67], the ball milling pro-
cess results in a powder fraction containing particles with irregular
shapes and different sizes. In addition, no additional components (CH,
C3S and CaCOs), as identified by XRD diffraction (Fig. 2 and Table S3),
could be observed in the analyzed fraction. On the other hand, from the
carbonated cement (C11) SEM images (Fig. 3C and 3D), it was possible
to observe some decalcified C-S-H and amorphous silica grains that were
covered by poorly-crystalline calcite (CaCO3) [42,71]. Calcite, identified
in the XRD pattern, is characterized by its crystalline morphological
structure. However, it requires long reaction times and slow precipita-
tion processes to achieve its regular crystalline structure [71]. In addi-
tion, as observed in carbonated cylindrical cement specimens
(Supplementary Material), CaCOg precipitates around the silica-rich
phase (decalcified C-S-H and amorphous silica) were evidenced,
resulting in a delay in the leaching process due to the passivation
conferred by CaCOj3 covering the unreacted C-S-H [30,41,68].

3.1.3. Cement powder FTIR analysis

Fourier Transform Infrared Spectroscopy (FTIR) is a fast, low-cost,
accurate and widely available method in universities and service and
research laboratories [8,38-39]. FTIR scans the sample with a specified
range of the electromagnetic radiation spectrum at the mid-infrared

wavelength [72]. The profile of the IR spectra, recorded by the equip-
ment as percentage of transmittance (% T) or percentage of absorbance
(% A) versus wavenumber (cm™'), is used to characterize molecular
functional groups of the materials [19,62]. Since the molecular vibra-
tional energy is quantized, each peak in the IR spectrum denotes the
presence of a specific molecular functional group, while the relative
intensity of the absorbed radiation (i.e., height of the infrared peak) can
be directly related to its concentration [19,73].

Several applications of FTIR were proposed in the literature to
qualify or quantify minerals components in rocks, sediments, soil, and
cement or to study transformation processes (i.e., hydration, degrada-
tion, carbonation, etc.) in cementitious materials [39-40,46,74]. In this
context, the use of Attenuated Total Reflectance (ATR) accessory is
especially interesting for FTIR analysis, eliminating and simplifying
sample preparations steps, favoring the analysis reproducibility, and
increasing the method sensitivity [32,39-40,49,74]. Thus, the ATR-FTIR
analysis presents all requirements for application in studies of cemen-
titious materials, supporting the development of qualitative and quan-
titative methods, enabling quick, reliable, and low-cost evaluations of
transformation processes, such as carbonation.

The present work proposes to use ATR-FTIR to: (i) study the
carbonation process of cement by supercritical CO,, (ii) evaluate
changes in the IR spectral profile in mixtures of non-carbonated cement
(C1) and carbonated (Cl1) cement powders and (iii) develop a
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Fig. 3. SEM image of the non-carbonated (C1) and carbonated (C11) cement powders. Magnification of the cement powders: (A) C1 at 2000x, (B) C1 at 10000x, (C)
C11 at 2000x and (D) C11 at 10000x.

quantitative method for CaCO3 analysis in cement. Thus, API class G with supercritical CO5 (at 65 °C, 15 MPa and 7 days). Fig. 4 shows the

cement was used as reference material. The reference material was FTIR spectra of non-carbonated (C1) and carbonated (C11) cement
cured as recommended by the American Petroleum Institute (API) powders.
specification 10A [57], and then subjected to the carbonation process From the FTIR spectral profile of the non-carbonated sample (C1), it
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Fig. 4. FTIR spectra of non-carbonated (C1) and carbonated (C11) cement powders.
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was possible to describe the following characteristics: (i) the presence of
the peak related to the OH stretching of portlandite (CH) at 3640 em™?,
(ii) a broadband at the 3600-3100 cm ! range, attributed to the OH
stretching of the water associated with the cement matrix, (iii) a small
peak at 1640 cm ™, attributed to bending vibration of water in sulfates,
(iv) the carbonate (C032') peaks at 1410 cm ! (asymmetric C-O
stretching), 873 em! (out-of-plane vibration) and 713 em ! (in-plane
vibration), associated with calcite (CaCO3 polymorph) and (v) a
broadband (800-1200 cm’l), centered at 960 cm’l, assigned to the Si-O
asymmetric stretching (v3) of Q! and Q2 species of calcium silicate hy-
drate (C-S-H) [34,39,65,70,75-76]. Thus, all the characteristics ex-
pected for API class G cement after curing was identified in the FTIR
spectrum of the non-carbonated sample (C1). In addition, the result
reinforces the occurrence of the natural carbonation process and con-
firms that the ATR-FTIR is sensitive to identify low contents of CaCO3
(C1 — 45.80 mg CaCOs/g cement) in cementitious material.

In contrast, from the FTIR spectral profile of the carbonated cement
(C11), it was possible to highlight the following characteristics: (i) a
broadband at the 3600-3100 cm™! range, attributed to the OH
stretching of the water associated with the cement matrix, (ii) a small
peak at 1640 cm’l, attributed to bending vibration of water in sulfates,
(iii) the carbonate (CO32’) peaks at 1410 cm ! (asymmetric C-O
stretching), 873 cm! (out-of-plane vibration) and 713 cm ! (in-plane
vibration), associated with calcite (CaCOs polymorph), in addition to
weak peaks observed around 1790 em~! and 2518 cm™! and (iv) a
broadband (1250-900 cm’l), centered at 1140 cm ™! and 1050 cm’l,
assigned to the Si-O asymmetric stretching (v3) of the decalcified C-S-H
(Q3 at 1050 ecm ™) and polymerized silica (Q4 at 1140 cm™ ) phases
[39,43,46,65,70,75,77]. Thus, the FTIR spectrum of the carbonated
sample (C11) confirms the XRD data (Fig. 2 and Table S3) and indicates
the total consumption of CH by the disappearance of the OH elongation
at 3640 cm ', with the production of calcite, from the increase in the
carbonate (C032') peaks at 1410 cm ! (asymmetric C-O stretching),
873 cm™! (out-of-plane vibration) and 713 cm ! (in-plane vibration). In
addition, the position and intensity shift of the Si-O asymmetric
stretching (vs) was observed from the non-carbonated sample (C1),
centered at 960 cm’l, to the carbonated sample (C11), centered at 1140
em ™! and 1050 em ™! [75]. These changes indicate the consumption of
Q1 and Q2 species of calcium silicate hydrate (C-S-H) of non-carbonated
cement powder by the carbonation process, resulting in a
decalcification-polymerization process of C-S-H (Q' and Q?) and leading
to the production of decalcified C-S-H (QB) and polymerized silica (Q4)
phases [9,11,43]. Q% species are characterized by C-S-H with a lower Ca/
Si ratio and cross-linked silicate tetrahedra, while Q* species are defined
as amorphous silica with a highly condensed network of silicate tetra-
hedrons [9,34,43,65].

After the initial assessment of non-carbonated (C1) and carbonated
(C11) cement powders, several intermediate mixtures were prepared
from the mixture of C1 and C11, as detailed in Table 2. From the FTIR
results (Fig. 4), it was observed that the spectral range (1700 to 650
cm ) comprises the main transformations of the cement matrix induced
by the carbonation process. Thus, the ATR-FTIR sequential analyzes,
representative of the calibration samples (C1-C11), are shown in Fig. 5.

In Fig. 5, the evolution of the FTIR spectrum profile is observed as the
carbonated (C11) fraction of the mixture increases. Thus, the following
most relevant characteristics are observed: (i) the increase in the car-
bonate (Cng') peaks at 1410 em™! (asymmetric C-O stretching), 873
cm ! (out-of-plane vibration) and 713 em ! (in-plane vibration) of the
calcite, (ii) decalcification-polymerization of the C-S-H chain, leading to
a shift in the broadband attributed to Si-O asymmetric stretching from
800 to 1200 cm™! (Q! and Q2 species) to a higher wavenumber range
1250-900 cm? (Q3 and Q4 species), (iii) reduction of the relative in-
tensities of the Si-O asymmetric stretching due to the polymerization
process of the silicate phases [34,46,75], and (iv) reduction in the
detection interference of the carbonate peaks (873 em 'and 713 em ™)
due to the overlapping effect caused by C-S-H (Q! and Q? species). Thus,
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Fig. 5. Sequential modification of FTIR spectra of cement powder mixtures.

the increase in the intensity of specific CaCO3 bands and the reduction of
interference from other cement components indicate that it was possible
to develop methods to quantify CaCOs in cement by ATR-FTIR.

From the analysis of non-carbonated cement (C1), carbonated
cement (C11), and its mixtures (C2-C10), it was possible to: (i) evaluate
the changes resulting from the carbonation process with supercritical
CO9, (i) identify the spectral profile of non-carbonated (Cl) and
carbonated (C11) cement, (iii) confirm the potential of ATR-FTIR to
analyze cementitious materials, (iv) perform a clear identification of
CaCO3 and (v) relate the intensity of the absorbed radiation to the
cement components concentration. In addition, complementing the
previous information provided by MicroCT (Figure S4), SEM-EDS
(Figure S5 and Fig. 3) and XRD (Fig. 2 and Table S3), ATR-FTIR was
able to identify changes in the siliceous fraction of cement, usually
studied by the expensive 2°Si NMR.

3.2. Multivariate analysis

Based on the IR results, ATR-FTIR shows to be an adequate method to
develop fast, reliable, and low-cost quantitative models for the charac-
terization of cementitious materials. Continuous variables, such as FTIR
spectra, are incredibly informative and compatible with multivariate
analysis tools. Thus, applying the MVA methods, it was possible to
identify the IR spectrum regions that best fit to the intended response. In
this context, to obtain reliable quantitative models, special attention is
required to pre-process the FTIR spectra and the calibration and vali-
dation procedures. Thus, the development of a predictive model to
quantify CaCOs in cement was evaluated from the application of partial
least squares (PLS) regression. To develop the MVA models, the pre-
processing of the FTIR spectra were performed through the mean
centering (MC), baseline correction (BC), standard normal variate (SNV)
normalization and first derivative (1st Der). Therefore, three PLS models
were developed evaluating different combinations of pre-processing of
the infrared spectra, which are: (Model 1) mean centering (MC) and
baseline correction (BC), (Model 2) MC, BC, and standard normal variate
(SNV) normalization and (Model 3) MC, BC, SNV and first derivative (1st
Der). Thus, the PLS models were calibrated (C1 to C11) and evaluated
with an independent validation set (V1-V10). From the validation set,
consisting of samples not included in the calibration, it was possible to:
(i) avoid an optimum evaluation of the results, (ii) confirm the predictive
capacity of the model and (iii) guarantee the transferability of experi-
mental procedures to characterize carbonated cement by ATR-FTIR.
Thus, the PLS models (calibration and validation) to quantify CaCOs
in cement are shown in Table 3. At the same time, the reference and
predicted values are presented in the Supplementary Material
(Table S4).

From Table 3, it was observed that all developed PLS models used 6
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Table 3

Parameters obtained for PLS regression models.
Parameters PLS

Model 1 Model 2 Model 3

Pre-processing MC; BC MC; BC; SNV MC; BC; SNV; 1st Der
Factors 6 6 6
EV% (X/y) 99.96 99.82 99.59
R? Calibration 0.9981 0.9996 0.9997
R? Prediction 0.9975 0.9993 0.9995
RMSEC 5.85 2.81 2.41
RMSEP 11.85 4.13 3.61
Calibration Bias 0.00 0.00 0.00
Prediction Bias 8.79 2.50 2.37

EV - Explained variance; RMSEC - Root Mean Square Error of Calibration;
RMSEP - Root Mean Square Error of Prediction; MC - mean centered; BC -
baseline correction; SVN - standard normal variate; 1st Der - first derivative
transformation.

factors (LV) for the calibration, resulting in a total of 99.96% (Model 1),
99.82% (Model 2), and 99.59% (Model 3) of explained variance. From
the calibration set, good correlation coefficients (R?) were obtained for
Model 1 (R? = 0.9981), Model 2 (R = 0.9996) and Model 3 (R? =
0.9997). In addition, regression modeling resulted in low root mean
square error of calibration (RMSEC) for Model 1 (RMSEC = 5.85 mg
CaCO3/g cement), Model 2 (RMSEC = 2.81 mg CaCO3/g cement) and
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Model 3 (RMSEC = 2.41 mg CaCOs/g cement) and bias close to 0.
However, the final evaluation of multivariate regression models must be
performed based on an independent validation set. Thus, from Table 3, it
was observed that the correlation coefficients (R%) were obtained from
the application of Model 1 (R? = 0.9975), Model 2 (R?> = 0.9993) and
Model 3 (R? = 0.9995) also showed good regression adjustment. From
the validation set, low root mean square errors of prediction (RMSEP)
and good bias values were obtained for Model 1 (RMSEP = 11.85 mg
CaCOg3/g cement; bias = 8.79 mg CaCO3/g cement), Model 2 (RMSEP =
4.13 mg CaCOs3/g cement; bias = 2.50 mg CaCO3/g cement) and Model
3 (RMSEP = 3.61 mg CaCOs3/g cement; bias = 2.37 mg CaCOs/g
cement). Thus, it was concluded that it is possible to calibrate PLS re-
gressions with minimum requirements to quantify CaCOs in cement
using ATR-FTIR, which are: (i) correlation coefficients (Rz) close to 1, (ii)
low estimation errors (RMSEC and RMSEP) and (iii) low bias values
(calibration bias and prediction bias). Thus, after the initial assessment,
Model 3 was selected for a more comprehensive interpretation, as it
presents the best PLS regression outputs. The results are shown in Fig. 6.

From Fig. 6A, it was possible to observe the good correlation coef-
ficient (R®> = 0.9995) from the “predicted vs. reference” plot of PLS
(Model 3). The “residual plot” (Fig. 6B) shows the difference between
the predicted and the reference values. No systematic error can be
observed, with the values being distributed randomly around O.
Furthermore, from the PLS loading (Fig. 6C and 6D), it was possible to
identify the most important regions of the FTIR spectrum to quantify
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Fig. 6. PLS regression analysis from FTIR spectra of cement powders to quantify CaCOs: (A) predicted vs.

(D) PLS loading (LV 2).

reference plot, (B) residual plot, (C) PLS loading (LV 1) and
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CaCOj3 in cement. The spectral regions and characteristics most relevant
to the PLS regression are: (i) the consumption of portlandite (CH), with
the reduction in OH stretching at 3640 cm’l, (i) the increase in the
carbonate (C032') peaks at 1410 cm ! (asymmetric C-O stretching),
873 cm ! (out-of-plane vibration) and 713 cm ! (in-plane vibration)
and (iii) the displacement of the Si-O asymmetric stretching from 800 to
1200 cm™! (Q! and Q? species) to 1250-900 em ! (Q® and Q* species)
due to the decalcification-polymerization of the calcium silicate hydrate
(C-S-H) chain throughout the carbonation process.

It was concluded that it is possible to develop reliable PLS models to
quantify CaCOg in cement by ATR-FTIR. The experimental advantages of
ATR-FTIR cement powder analysis are: (i) eliminate sample preparation
steps, (ii) reduce the analysis time, (iii) eliminate the KBR use, (iv) reduce
the analysis costs, (v) improve the reproducibility of the method and (vi)
mitigate the occurrence of operator errors. In addition, the analysis time
of the ATR-FTIR (a few minutes) is significantly shorter than the TGA (a
few hours) and the average percentage of Model 3 prediction error
(£2.75%) is lower than that obtained by thermogravimetric analysis
(£5%) [41,43]. Furthermore, from the interpretation of the PLS, it was
observed that it is necessary to consider the global effect of the
carbonation process in the cement matrix to obtain reliable models,
since the chemical transformations significantly change the profile of
the infrared spectra. The most important processes are: (i) the con-
sumption of portlandite (CH), (ii) the decalcification-polymerization
process of calcium silicate hydrate (C-S-H) and (iii) the increase in the
CaCOj3 content.

4. Conclusions

Partial least squares (PLS) regression models were developed to
quantify CaCOs in cement and to study the CO, effect on the material
matrix. PLS models were calibrated and validated, and the regression
results presented good correlation coefficient (R? = 0.9995) and low
estimation error (RMSEP = 3.61 mg CaCOs/g cement). From the results,
it was observed that the portlandite (CH) consumption, the increase in
CaCO3 content and the C-S-H decalcification-polymerization are the
most relevant chemical transformations of cement throughout the
carbonation process. Thus, it was concluded that: i) it is possible to
obtain fast, low-cost, and reliable models to quantify CaCO3 by FTIR and
ii) the method is applicable to study carbonated cement-based materials.

The results of the present work show that it is necessary to consider
the physical and chemical transformations induced by the carbonation
process in the cement matrix to develop reliable quantitative models to
estimate the CaCO3 content in the material. To expand the scope of
application of the FTIR-based method for the analysis of carbonated
cementitious materials, future studies should: (i) reproduce the experi-
mental procedure with other types of cement, (ii) evaluate the influence
of the carbonation type (natural, accelerated, or supercritical) or the
exposure stage (carbonation cure or cement degradation) on the model
and (iii) study the effect of other CaCO3 polymorphs on the performance
of the method.
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