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Abstract

The urge to preserve natural resources, to reduce cement production CO; emissions and to recycle
concrete waste conducted to the French national program FastCarb. It is aimed at using recycled
concrete aggregates (RCAs), once carbonated with CO; coming from cement production sites, as
a replacement for natural aggregates. The carbonation step serves to reduce the porosity of the old
cement paste and to improve future concrete properties. Two different carbonation processes
(rolling drum (P1), fluidized bed (P2)) were tested and the resulting RCAs were mixed in different
weight proportions with natural aggregates to elaborate new concretes. Raman investigations were
then conducted on some sections to analyze the carbonated phases and their spatial distribution.
Results indicated a difference in polymorphs distributions. Process P1 seems to generate more
vaterite than process P2, which mainly generates calcite and aragonite. They also allowed to
appreciate the thickness of the interface between the old and the new cement pastes.

Highligths

e Two accelerated carbonation processes were used at an industrial scale to clog the porosity of
the old cement past present on recycled cement aggregates (RCAs)

e Raman spectroscopy was implemented to determine the distribution of CaCOs polymorphs in
carbonated RCAs and the interfacial zone between the old and new cement pastes

e Results indicated the nature of polymorphs changed depending on the carbonation process

Keywords: CO; intake, carbonation, CaCOj; polymorphs, Raman spectroscopy, chemometrics

Introduction

Concrete remains one of the most used building materials in the world (even more than steel) and
the global cement production was about 4.1 billion tons in 2019 [1]. Portland cement (PC) is the
traditional binder for concrete and its production generates 1 ton of CO; per ton. Cement
industries are thus responsible for 7% of the world’s total CO; emissions and the International
Panel on Climate Change (IPCC) reports direct CO, emissions from carbonates in cement
production to be around 4% of the total fossil CO, emissions (1.6 % in France) [2]. Several
sustainability plans aimed at trapping this greenhouse gas and avoiding its accumulation into the
atmosphere, have thus been announced, such as the Industrial Deep Decarbonization Initiative
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(IDDI) [3]. Furthermore, there is a growing policy to promote the use of recycled concrete
aggregates (RCAs) and therefore preserve natural resources [4-10]. Yet, RCAs are more porous
than natural aggregates, which affects the resulting concrete properties [11-17]. RCAs properties
need to be improved to qualify for substitution, starting with their porosity. Several laboratory
studies have shown that carbonation improves the characteristics and the quality of RCAs, clogging
their porosity with the mineralization of CO; [18-27], although some inhomogeneities were
observed [28] and modelled [29]. These elements drove to the development of RCA accelerated
carbonation processes, both at the laboratory scale [8-10] and, within the FastCarb project, at an
industrial scale [27, 30]. Some questions were nevertheless raised about the nature of CaCOs
polymorphs and their spatial distribution in carbonated RCA alone and once included in concrete.
Several studies have shown that accelerated carbonation could induce the formation of different
CaCO; polymorphs, i.e. portlandite, vaterite, aragonite or amorphous [31-33]. Their distribution is
obviously affected by the CO, concentration [34], and a 3% COz-enriched atmosphere tended to
promote the precipitation of the vaterite and aragonite with regards to calcite. But other properties
of the environment [35] such as temperature [36], that did not promote aragonite and vaterite
presence, and pH [37] also influences the properties of the carbonated concrete [38].

Many analytical techniques do exist to characterize carbonated phases, starting with the phenol
phthalein test, X-ray diffraction (XRD), thermogravimetric analysis (TGA), or EDX-coupled
scanning electron microscopy (SEM). These tests are destructive and time-consuming. Haque et
al. introduced several non-destructive alternatives, among which Raman spectroscopy [39], though
not presented as the most appropriate. This technique was first used as early as in the mid-seventies
[40, 41] but there are very few later reports on the Raman spectroscopy detection of carbonated
phases in cementitious materials [42-46], especially when one considers the abundant literature on
the subject. Raman spectroscopy has also recently been successfully implemented to monitor both
the cement paste hydration and the carbonation of portlandite, the stability of single phase C3A
hydrates [47-52].

The objective of this research is to use Raman spectroscopy to detect and identify CaCOj;
polymorphs in RCAs and ultimately to map their distribution, both in their pristine carbonated
state and once included in concrete samples. Investigations will focus on the influence of the
carbonation process and the thickness of the interfacial transition zone between the new cement
paste and the old one found in the RCAs.

Materials and methods

Carbonation processes, and recycled concrete aggregates (RCAs)

Two distinct carbonation processes were considered, both operating at an industrial scale, and
details are provided by Torrenti et al. [27]. One used a rolling drum dryer (Vicat pilot plant, in
Créchy (France)), and the other used a fluidized bed dryer (Holcim Val d' Azergues cement plant
(France)). In both cases, the recycled material was exposed to gases from a cement plant, with a
COs-content of close to or over 15 % in volume, at around 70°C [30]. These conditions were prone
to trigger accelerated carbonation, the CO; concentration in the atmosphere being of 400 ppm.
The main other differences between the processes do consist in percentage of CO, (between 11%
and 16% for the drum, while of about 20% for the fluidized bed) and the temperature (between
40°C and 60°C for the drum, while it is near 70°C for the fluidized bed).

RCAs from these industrial productions did contain an unavoidable old cement paste, coming from
destructed buildings and infrastructures, which composition was totally unknown. RCAs diameters
were below 14 mm which is adapted to the elaboration of new concretes. RCAs with a diameter
below 2 mm were considered as sand (S) while those with a larger diameter were considered as
gravel (G).
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Concrete samples elaborated with RCAs

Seven concretes were elaborated with varying weight proportions of natural aggregates (N),
uncarbonated RCAs (URCA), and carbonated RCAS (CRCAs) prepared in either the rolling drum
(P1) or the fluidized bed dryer (P2) — see Table 1- and as described by Torrenti et al. [27]. The
carbonation status of CRCAs is unknown and the purpose of this study is to also to identify the
thickness of the carbonated zone in addition to the spatial repartition of CaCOj; polymorphs.

sand (S) fraction (% w/w) gravel (G) fraction (% w/w)

NS | URCAS | CS_P1 | CS_P2 | NG | URCAG | CRCAG_P1 | CRCAG_P2
concrete 1 | 100 100
concrete 2 | 80 20 50 50
concrete 3 | 80 20 50 50
concrete 4 | 80 20 50 50
concrete 5| 60 40 100
concrete 6 | 60 40 100
concrete 7 | 60 40 100

Table 1: Aggregates contents and types of concretes considered in this study

C25 concrete samples were 4 cm x 4 cm x 16 cm parallelepipeds. They were obtained by mixing
aggregates with CEM II/A cement and water, with a water to cement ratio of 0.55 in each case.
The aggregates were saturated with water before mixing with other constituents to avoid to affect
the selected water to cement ratio, considering the results from Sereng et al. [26]. The size of the
concrete samples is large enough to avoid any incidence on the interfacial zone ITZ) [51] between
the old cement paste present on RCA and the new paste.

Once the setting was completed, three prismatic samples of 4 cm x 4 cm section and roughly 2 cm-
thickness were sawn without water, then coated with a resin. Prismatic samples were chosen to
ease further spectroscopic analysis in terms of sample size. The surface with the 4 cm x 4 cm
section was then polished, first with grinding disks (220 and 1200 grades), and then with diamond
powder (9, 3, and 1 um), in all cases using ethanol (Normapur grade, purity over 99.8%). Polished
samples were then stored in sealed plastic bags before spectroscopic analysis to prevent the surface
for further carbonation.

Raman spectrometry and spectra pre-processing

Raman spectroscopy measurements were obtained with a HR800 LabRam spectrometer (Horiba
Scientific, Jobin-Yvon), using the 514 nm laser line of an Argon ion laser (Coherent). This
wavelength (or a close one) is commonly used with cementitious materials, in spite of some
fluorescence issues [50, 55-58]. The spectrometer is coupled with a BX Olympus microscope and
we used a x50 (NA 0.75) MPlanN objective, from Olympus "UIS-2" series. This gave an estimated
diffraction-limited spot size of about 1 um. Both in-line profiles and 2D-mappings were recorded
with 1 to 5 um displacement steps of the XY-motorized stage. The combination of a 600
grooves/mm grating and an Ultra Low Frequency "ULF" module gave access to the ~40 — 1800
cm’ range in a single window. This way we had access to the usual spectral peaks (around 710 and
1080 cm™) but also to low frequency lattice modes allowing for full differentiation of CaCOj
polymorphs [59, 60]. The laser power was set to measure 1 mW on the sample and the integration
time was set between 5 and 20 s (depending on the sample), each measurement starting after prior
10 s photobleaching. Each spectrum was treated for spikes removal, baseline-corrected by a 5"-
order polynomial function and normalized with respect to the maximum intensity peak in the 1080-
1090 em™ region.
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Figure 1: A concrete sample observed with a x10 objective to prepare a mapping, the white
light spot being focused on the interface between the old paste (lighter) and the new one
(darker)

Spectroscopic observations were specifically performed at the interface between the old cement
paste present in the RCAs and the new one used to elaborate the concrete samples. The choice of
the investigation zones was performed through a three-step sequence:

) the visual detection of the interface (Figure 1),
ii) a microscope observation with a x10 magnification,
1it) the selection of the specific zone to be analyzed with a x 50 magnification (Figure 2).

Each selected zone was assumed to be representative of the investigated sample.



concrete 4

concrete 5
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concrete 7
Figure 2: Pictures of some polished concrete sections obtained with a digital color camera (left
column) or through x10 (middle column) and x50 (right column) microscope objectives. They
all exhibit the frontier between the old cement paste (brighter) and the new one (darker).
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Chemometrics analysis

Chemometrics is the science dedicated to the extraction of the most relevant information from a
set of experimental data [61, 62], including from physico-chemical and spectroscopic
measurements [63, 64]. It has been successfully used in many research fields [65] to acquire a better
knowledge of the analyzed samples, including in Raman imaging [63]. Chemometrics tools have
recently been applied to Raman spectra of civil engineering materials [48, 49, 51]. In this study,
principal components analysis (PCA) and Multivariate Curve Resolution - Alternating Least
Squares (MCR-ALS) methods were applied to the Raman spectra. In particular, MCR-ALS is able
to extract Raman spectra of specific pure materials which are mixed into collected Raman spectra.
In the specific case of CaCOs polymorphs, their Raman signature being different, the MCR-ALS
should be able to extract them from the collected spectral data collected on carbonated RCA
samples. Several preprocess approaches could be used to correct raw data before the initialization
step of the MCR-ALS algorithm. Two specific preprocess approaches were then compared in this
paper. The first one is (i) spikes removal, (ii) a simple baseline correction with a polynomial and
(ii) a min-max normalization. The second one is (i) spikes removal, (ii) a baseline correction by
Weighted Least Squares (WLS), (iif) a normalization .1 and (iv) a recently developed algorithm
called MT-SVD which handles rank deficiency and noise [67], based on effective truncated
singular-value decomposition (MT-SVD). In the rest of the paper and for greater clarity, these two
types of correction were respectively designated as PP1 and PP2. In both cases, during the
initialization step of the MCR-ALS, the SIMPLe-to-use Interactive Self-Modelling Mixture Analysis
(SIMPLISMA) was applied [68-70]. MATLAB R2016a was used for all computer calculations.
The objective of the chemometrics analysis is to de-mix the spectral response and identify the
spatial distribution of CaCO3 polymorphs at the interface between the old cement paste (present
in the RCAs) and the new paste of each sample.

Results and discussion

CaCOs polymorphs identification

A selection of PP1-corrected Raman spectra of the old cement paste on RCA from concrete 1, 5,
6 and 7 is given in Figure 3. Spectra are over the 40-1200 cm™ spectral range, with the indexation
of CaCO; polymorphs based on the literature [48, 50, 51, 71-82]. The spectra are very similar from
one sample to another and it is difficult to observe selective peaks of CaCOj; polymorphs.

150-155 cm™
lattice mode of synthetic and mineral calcite ;
lattice mode of aragonite
165 cm™
lattice mode of mineral aragonite

285 cm’™
lattice mode of mineral aragonite

\UL 710 cm™
- v4 in-plane bending of synthetic and mineral

40 272 504 736 968 1200 calcite
1085 cm’!
vi symmetric stretching of CaCOs in calcite or
aragonite
Figure 3: Selected normalized Raman spectra obtained on polished surfaces of RCA-containing

—concrete 2 concrete 5
concrete 6 concrete 7

concretes 2, 5, 6 and 7 (Aser = 514 nm, x50 magnification. The spectra wete offset for clarity).

Identification and thickness of the interfacial transition one (ITZ) between old and new cement pastes
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A preliminary identification of the number of chemical species and their nature relied on a Principal
Component Analysis. The results of a PCA on PP2-corrected Raman spectra (Figures 4a and 4b)
indicated that no more than three components could be identified with a potential spectral
meaning, explaining nearly 80% of the variance. These components are close to the spectral
signature of calcite, as illustrated in Figure 4c.
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Figure 4: Raw Raman data obtained with a sample of concrete #7 containing RCAs (a),
PP1-corrected Raman data (b), and first three principal components
with the specific peak of carbonate near 1085 cm™ (c)

Raman line-profiles were recorded going across the old and the new cement pastes interface,
regardless of the carbonation process (P1 or P2). These profiles lengths ranged between 80 and
140 um. After being preprocessed, Raman profiles were treated by MCR-ALS initialized by
SIMPLISMA, with non-negativity and unimodality constraints, so as to identify to what extent
Raman spectra of calcite, aragonite, and vaterite could be extracted and their distribution quantified.
The spectral range upon which calculations were performed depended on the specific spectral
acquisition window but always remained below 1300 cm™. The results are presented in Figure 5.
Calcite was observed in all concrete samples, which was expected, and aragonite was never
detected. This is consistent with the results of Xue et al. [53] indicating aragonite is usually not
detected under low CO; pressure. In this case, the temperature rise of selected processes did not
trigger a specific growth of this polymorph in all samples. Vaterite was only detected once, in
concrete 3, which is consistent with the presence of carbonated RCA (CRCA). In this case, the
vaterite concentration does not reach a maximum value, contrary to calcite. This aspect is a first
indication that carbonation processes P1 and P2 have an incidence on polymorphs distribution.
A specific focus was brought to the Interfacial Transition Zone (ITZ) between the two different
pastes in the samples of concrete 2 and 3. The old cement past was visually identified by visual
observation and before Raman mapping. It was assumed that the interface with the carbonated
zone extends between the point where calcite concentration drops significantly and the point where
another chemical is detected. Results are illustrated in Figure 6. It appears that the ITZ roughly is
20 um-thick, although in one case the profile is not orthogonal to the interface between the two
cement pastes. This value is consistent with results published by Djerbi [54].
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Figure 5 (part 1): Pictures of the interface between the old cement paste of a RCA and the new cement paste in
a concrete containg carbonated RCA (2™ column), spectra of identified CaCOs polymorphs (3* column) and
their respective concentrations (4™ column) after a SIMPLISMA and a MCR-ALS on collected and processed
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Figure 5 (part 2): Pictures of the interface between the old cement paste of a RCA and the new cement paste
in a concrete containg carbonated RCA (2°¢ column), spectra of identified CaCO; polymorphs (3" column)
and their respective concentrations (4™ column) after a SIMPLISMA and 2 MCR-ALS on collected and
processed Raman spectra
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concrete 2

concrete 3

Figure 6: Concentrations of calcite and vaterite detected across the interface between the old
and new cement pastes in concrete #2 (upper graph) and concrete #3 (lower graph) samples
containing carbonated RCAs. The curves were obtained from pre-processed Raman spectra
after SIMPLISMA and MCR-ALS procedures. A double arrow shows the estimate of the
Interfacial Transition Zone (ITZ) thickness.
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Mapping of the CaCOs polymorphs and corresponding spatial distributions

The spatial distribution of CaCOs polymorphs was specifically investigated in concretes 4, 6, and
7, which all contained carbonated RCAs. The aim was to establish the differences between the two
carbonation processes and investigate how the old cement paste interacted with the new one.
Hyperspectral images were obtained by analyzing an interface between the two cement pastes by
micro-Raman spectroscopy, with a x50 objective lens. Results were preprocessed according to the
PP1 approach.

A SIMPLISMA initialization followed by MCR-ALS analysis with non-negativity and unimodality
constraints was conducted over the 40-1200 cm™ range. The distributions of polymorphs that could
be extracted are presented in Figure 7. The concentration of each polymorph was normalized over
the studied area, which ranged between a few hundreds of pm? to slightly above one thousand of
um?. All polymorphs are present in the two samples with RCA carbonated according to process
P2 (concretes 4 and 7), while mainly calcite and vaterite are present in the RCA of concrete 6,
which was carbonated according to process P1. In this concrete, the proportion of all polymorphs
seems to be balanced. In the case of concrete 7, the spectral signature attributed to calcite (peaks
at 712 and 1085 cm™) does contain peaks that can be attributed to aragonite (153 and 285 cm™),
revealing an incomplete de-mixing process. The chemometrics approach also revealed a spectral
signature that can be attributed to gypsum (peak at 1008 cm™).

Because some of the spectral measurements are noisy, and the question about the rank
determination (i.e. the number of chemical species to be extracted from the Raman hyperspectral
images) was still pending. Therefore, PP2-corrected Raman spectra was tested before MCR-ALS
implementation (Figure 8). This time, the calculations were conducted considering the full spectral
range of collected spectra (40-1800 cm™). The results obtained after both SIMPLISMA and MT-
SVD initializations seemed similar in the case of concretes 4 and 6. But some discrepancies
appeared in the case of concrete 7. The de-mixing consecutive to the MT-SVD option confirmed
the presence of gypsum but it was not fully efficient to discriminate calcite from aragonite, even
though the peaks that were identified seem to better correspond to aragonite (148 and 272, 708
cm™) than calcite (1088 cm™). It must also be noted that the PP2 correction did result in a greater
amount of calcite detected in concrete 6 (carbonation process P1) than with the PP1 correction.
In conclusion, a preprocess including MT-SVD does help the MCR-ALS algorithm to classify more
accurately which CaCOs polymorph was present in each concrete than a conventional preprocess
such as PP1. The carbonation process P1 seems to generate more vaterite than process P2, which
mainly generates calcite and aragonite. Although Raman spectroscopy is a local method, the
performed mapping and the representativity of the carbonated RCA corroborates this statement.
Furthermore, this result is consistent with the indication that polymorphs are generally observed
in carbonated samples when exposed to high CO, concentration [33].
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Figure 7: 2D-spatial normalized distribution of CaCOj polymorphs, as obtained by MCR-ALS

(non-negativity and unimodality constraints, 40-1200 cm-1 spectral range) performed after a
SIMPLISMA initialization on PP1-corrected Raman maps containing both the old and the new
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Figure 8: 2D-spatial normalized distribution of CaCOs polymorphs, as obtained by MCR-ALS
(non-negativity and unimodality constraints, 40-1200 cm-1 spectral range) performed after a
SIMPLISMA initialization on PP2-corrected Raman maps containing both the old and the new
cement pastes.
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Conclusion

Concrete aggregates recycled from the demolition of buildings and infrastructures (RCAs) are
considered as a potential substitute for natural aggregates. Their microstructural properties need to
be improved for RCA concrete to comply with standard mechanical requirements. A project was
developed to trap CO2 emitted by cements industries to chemically modify the RCAs and block
their porosity (by means of carbonation), and is very promising. The process was implemented at
an industrial scale and in an accelerated way (natural carbonation is a slow process). The resulting
samples were later analyzed by Raman spectroscopy. This technique confirms previous reports that
the interfacial transition zone (ITZ) between a new cement paste and the old one (from carbonated
RCAs) is around 20 um wide. It was also able to discriminate CaCOj; polymorphs (calcite, aragonite,
and vaterite) and to identify which one is predominantly generated depending on the two tested
carbonation processes (rolling drum dryer vs. fluidized bed dryer). Coupled with chemometrics
tools, the spatial repartition of each polymorph was obtained either on linear profiles or on
mappings. The incidence of CaCOj; polymorphs and of carbonation process on porosity clogging
needs a specific investigation, along with their ones on the compressive strength of concretes
elaborated with these RCA. These results obtained with Raman spectroscopy are very encouraging
about the benefits of its implementation to study civil engineering materials. It could cover the
hydration stage to alterations they might face once in service (such as external sulfatic attack,
corrosion of reinforced bars ...).
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