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This study proposes a new method of selective dissolution of calcium from C-S-H and CH phases by
deionized water to evaluate the cement paste content in recycled concrete aggregates (RCA). The selec-
tive dissolution tests were carried out in standard phases of hydrated cement paste (HCP), calcite, dolo-
mite and quartzite sand, and mixtures simulating RCA containing 1,5,10,20% HCP. The materials were
characterized by X-ray diffractometry, thermal analysis, Raman and infrared spectroscopic analyzes,
chemical analysis and laser diffraction analysis. Materials characterization indicates good selectivity of
the deionized water in the calcium dissolution of the CH and C-S-H compared to limestone.

© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

Construction and demolition waste (CDW) consists of a set of
materials arrive from constructions, restorations and demolitions
[1]. The construction and demolition, mining and quarrying opera-
tion activities of European Union contains more than 90% of min-
eral phases [2]. The chemical composition of the CDW depends
on the intrinsic characteristics of each construction; the compo-
nents generally include concrete, metals, gypsum, asphalt, soil,
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masonry blocks (red or calcium silica bricks) and other materials
[3-5].

Concrete is one of the most commonly found materials in recy-
cled aggregates (RA)[3], consisting mainly of coarse and fine aggre-
gates, water and binder materials (Portland cement and composite
cement) [6,7]. About 60-75% of the total concrete volume consists
of mineral aggregates. Therefore, the high mineral content in
concrete associated with the environmental impact of the con-
sumption and exploitation of natural aggregates (NA) for construc-
tions, motivate the use of recycled concrete aggregates (RCA) in
order to strengthen the concept of circular mining [2].

The positive aspects of RCA reuse are unequivocal in the quest
for sustainability of the construction industry materials, but there
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are still some difficulties associated with the use of RCA in civil
construction. The main issue about RCA applications concern to
the lack of specifications and standards in the production of RCA,
consequently affects the reliability of the product in the market [2].

The composition of the natural aggregates derives from the geo-
logical sites of the rocks, presenting distinct properties as the
chemical and mineralogical composition, density, porosity and
others. Some examples of minerals found in NA used in the manu-
facture of concrete are mostly represented by quartz (SiO,), feld-
spars (KAISi3Og), calcite (CaCOs3), and other commonly used NA in
minor quantities are muscovite (KAIl;[AlSiz01¢](OH);), dolomite
(Ca;xMgxC0O3), biotite  (K(Mg,Fe)sAlSi3019(OH);), gypsum
(CaS04+2H,0), pyrite (FeS;), clays (Na,Ca)g33(Al,Mg),(SigO10)
(OH);-nH,0,) and hematite (Fe,03) [8].

According to Taylor (1997) [6], Portland cement is composed of
a mixture, basically clinker, a minor percent of calcium sulphate
and finely ground. The clinker typically has a composition in the
region of 67% Ca0, 22% SiO,, 5% Al,03, 3% Fe,03 and 3% other com-
ponents, and normally contains four major phases, alite (C3S; (50—
70%)), belite (C5S; (15-30%)), aluminate (C3A; (5-10%)) and ferrite
(CyF; (5-15%)). The main clinker components, alite, belite, alumi-
nate and ferrite are partially hydrated. Alite and belite hydration
produce the C-S-H and portlandite phases (CH=Ca(OH),) (Eq. 1-
4). The aluminates and ferrites have numerous hydrated phases,
a relevant example in the presence of sulfates that occupies a
considerable volume in the hydrated cement is the ettringite
(AFT) (Eq. 5 and 6) [9-11].

Alite.-6(Ca0) - 2(Si0,) + 11H,0
— 3(Ca0) - 2(Si0,) - 8(H,0) + 3(Ca(OH),) (1)

2G5S+ 11H — C3S;Hg + 3CH 2)

Belite. 4(Ca0) - 2(Si0,) + 9H,0
— 3(Ca0) - 2(Si0,) - 8(H,0) + Ca(OH), 3)

2C,S + 9H — C5S,Hg + 3CH (4)

Aluminate.'_Ca3A12OG + 3(CaSO4 . 2H20) 4+ 26H,0
—» CagAl,(S04), (OH),, - 26H,0 5)

GA+3 (C§H2) +26H — AFt (6)

At the moment, the methods applied to certify the RCA quality
are the same as those used for NA [12], however, there are substan-
tial differences in the chemical composition, texture and densities
of these materials. The main factors that impact the quality of the
RCA are heterogeneities of the materials in the source extraction
and the remnant cement paste content.

The method of water absorption is one of the indirect methods
used to evaluate the content of cement paste in RCA, since the
porosity of the RCA is derived mostly from the cement paste
[13]. The methods employed are standardized for coarse (ASTM
C127-15) [14] and fine (ASTM C128-15) [15] natural aggregates.
These methods are used also for RCA, however, during the experi-
ments with RCA researchers report weight loss of 2-9 times
greater when compared to tests performed with natural aggre-
gates, according to the literature this occurrence is related to par-
ticle disintegration and fine particle retention during the
experiment [16,17].

Other alternative methods for cement paste quantification in
RCA already been developed such as, microscopy by image analysis
[18], thermal treatment [19,20] and chemical attack by acid leach-
ing [5,19,21]. The pursuit for an efficient method for quantifying
the cement paste content is linked to the ability to apply chemical

Table 1
Some hydroxides and mineral phases log;o K, reported in the
literature.

Substance/Mineral log10(Ksp)
CaCOs; (Calcite) [24] -8,47

Ca; xMg,(CO3)(Dolomite) [25-29] ~-17 to -19
Ca(OH), (CH) [24] —5,30
Mg(OH), [24] -11,25
Fe(OH); [24] —16,31
Al(OH)s [23] -33,52
CaS04+2H,0[24] —450

substances or develop techniques capable of responding differently
for mineral and cement paste phases.

The water is a solvent with amphiprotic characteristics, that is,
it can act as Brensted-Lowry acid or Brgnsted-Lowry base depend-
ing on the solution nature. The ionization constant (K,) varies with
changes in temperature and pressure, and the pK,, value at ambi-
ent conditions is approximately 14.0. Another important parame-
ter is the solubility product constant (Ksp), can be defined as the
relation between the equilibrium of the solid and the aqueous ions
in the solution (Egs. (7) and (8)). The higher the K, more soluble is
the compound. The K, values can be calculated using the standard
Gibbs free energy of formation (A{G°) of each species involved at
the dissolution at 25 °C (Eq. (9)) [22-24]. The comparison of the
values of logqo(Ksp) for calcareous phases and some phases present
in residual cement in the RCA, show significant differences in terms
of solubility (Table 1).

MuNyg=mM,, + 1N, (7)

Koy = [M']"INT" ®)
AG°

InK,, = # (9)

The higher the log;oKsp values the more soluble the compound
is, therefore when comparing the cement CH phase and the phases
present in calcareous aggregates, the CH phase is about 1000 times
more soluble in water than the calcite and dolomite.

In the literature are reported several studies about the interac-
tion of water with concrete. One of the unusual studies about this
phenomenon was developed by Carde, Francois and Torrenti
(1996) [30] and aimed to evaluate the influence of water in con-
crete containers used to store radioactive wastes. In this study it
was observed that the water promotes a chemical attack in the
CH and C-S-H phases of the cement paste by partially leaching
the calcium, causing the decrease of the compressive strength
and increase of the porosity of the concrete. As well as the study
reported [29], other studies evidence calcium leaching of the C-S-
H and CH phases by water [30-33].

The chemical concepts of Ky, and previous studies of calcium
leaching in concrete suggest the selective interaction of water with
the calcium present in the CH and C-S-H phases, in detriment to
the calcium present in the limestones Therefore, the goal of the
present study is to establish an innovative method applying the
selective dissolution in deionized water for quantifying the cement
paste in recycled concrete aggregates containing limestone.

2. Material and methods
2.1. Dissolution tests
The hydrated cement paste (HCP) used in this study was

obtained from hydration process (28 days and 0.5 w/c) of commer-
cial Brazilian Cement (CPV), equivalent to Type 1 — ASTM C150. The
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materials submitted to the dissolution tests in deionized water
were hydrated Portland cement (HCP), quarzitic sand (QS), dolo-
mite (D), calcite (C) and also mixtures between the materials in
order to simulate the chemical composition of RCA (Table 2). All
materials were powdered by Herzog equipment in a tungsten
pan for 2 min in order to improve the mixtures homogenization
and also to obtain particle size distribution dgg less than 150 pm.
The pulverized solids were packed in sealed plastic bags with the
intention of avoiding moisture contact and possible carbonation
of the hydrated cement.

The dissolution tests were performed with 5.00 g of the materi-
als added to cellulose dialysis sacks with 100 mL of deionized
water. The filled dialysis sacks were placed in a container with five
liters of deionized water, which was stirred with a magnetic stirrer
for 24 h. In the dissolution procedure, pH of the container solution
was measured. The tests were performed in 10 days, the deionized
water was renewed periodically every day in the container. Super-
natants solutions were reserved until the end for ICP-OES analysis
and insoluble residues were oven dried at 80 °C until constant
mass was obtained.

The membrane used as a filter in the dissolution system is
essential for retaining fine particles, as it is commonly used in clays
purification and biochemical applications. The dialysis membrane
is made of cellulose and is capable of retaining protein particles
with molecular weights greater than 12,000 Da. There is no simple
conversion unit between Dalton and nanometers, but estimate by
equations that the membrane aperture ranges between 1.6 and
10 nm.

The method uses a large amount of water, because each time
the water is renewed the chemical equilibrium of the dissolution
reaction is shifted to favor the dissolution products. Although it
seems a problem to use an immense amount of water, it can be
reused after the extraction process in a column with cations
exchange resin. The dissolved calcium can also become a by-
product to generate calcium carbonate.

2.2. Characterization techniques

Each constituent was characterized before and after the dissolu-
tion tests in terms of chemical and mineralogical composition, par-
ticle size distribution, thermal decomposition, infrared and Raman
spectroscopies; the ions content on the solutions were also
analyzed.

The mineralogical composition of each phase was assessed by
X-ray powder diffractions (XRD), which patterns were obtained
in a Philips = X'Pert PRO PW 3040/00 with Cu source radiation at
45 kV and 50 mA, at range of 20 from 2 to 70°, step size of 0.02°
and 100 s per step for a detailed analysis.

The chemical composition of each phase was obtained by X-ray
fluorescence analyzes; the samples were fused with anhydrous
lithium tetraborate and obtained the quantitative analysis by com-
parison with reference materials certified in an X-ray fluorescence
spectrometer, PANalytical brand, model Zetium. The water-
solubilized ions were analyzed by inductively coupled plasma opti-
cal emission spectrometry (ICP-OES) Horiba Jobin Yvon Ultima
Expert model.

Table 2

Proportion of the phase mixtures for the simulated RCA samples.
Mixtures QS (%) HCP (%) C (%) D (%)
1%HCP 84 1 10 5
5%HCP 80 5 10 5
10%HCP 75 10 10 5
20% HCP 65 20 10 5

The analysis of particle size distribution (PSD) was performed
by low-angle laser light scattering on the Malvern2000 equipment
in Hydro 2000MU sampler. The powder materials were dispersed
in isopropyl alcohol, at pump speed 2500 rpm and attenuation of
5-10%.

The thermal analysis were performed in Netzsch, model 490 PC
Luxx, coupled with mass spectrometer QMS 403C Aeolos in alu-
mina crucible. The analysis conditions were done with sample
mass between 10 and 12 mg, inert atmosphere (N, gas) at
50 mL min~!, heating rate of 10 °C min~' at range 30-1200 °C.

The infrared measurements were recorded in BrukerAlpha in
the total attenuated reflectance mode in a range of 400-
4000 cm~! with spectral resolution of 4 cm™.

The Raman spectra were recorded in FT-Raman Bruker equip-
ment, model RFS 100/S, with Ge detector (cooled with liquid N,)
and Nd>*/YAG laser (1064 nm), at range of 100-3500 cm™".

3. Results and discussions
3.1. Dissolution tests: particle size distribution and chemical analysis

One of the important factors that interfere in the dissolution
process is the particle size distribution of the solids. Monte Carlo
simulation studies demonstrate that the increase of the dissolution
rate with the decrease in particle size, and that refer to the kinetic
process [31,32]. Based on this concept the samples that were tested
by the water dissolution method were pulverized. The particle size
distribution (PSD) for the samples tested are shown in Fig. 1. The
pulverized materials showed Dy values below 150 um and PSD
presented similar results in between the samples. The HCP and
QS samples showed a wider PSD compared to the other samples.

The dissolution tests performed for the all samples had pH val-
ues checked in the first 15 min and after the 24 h of the initial con-
tact to the deionized water.

The significant increase of the pH value was observed for the
samples containing cement paste in its composition, fact associ-
ated to the rapid dissolution of the CH phase in an aqueous system.
However, for the limestone samples, a gradual increase of the pH
values over time was observed (Fig. 2).

The change in pH values for limestone samples indicates slow
dissolution, possibly related to kinetic factors and pH value varia-
tion of 1.5 and 2.0 for calcite and dolomite, respectively. On sam-
ples containing cement paste were observed the quick increase
of pH values, it is probably associated with the dissolution of the
CH phase. Between the period of 15 and 1440 min the gradual
increase of the pH values is observed, a fact possibly related to

20 / r\\\
154 / \

10+

Volume (%)

10 100 1000
Particle Size (um)

Fig. 1. Particle size distribution of the HCP(-), C(-), D(-), QS(-), 1%HCP(-), 5%
HCP (- ), 10%HCP ( - ) and 20%HCP(-) samples.



4 R. dos Santos Macedo et al./Construction and Building Materials 229 (2019) 116875

124

T T
1435 1440

Time (minutes)

Fig. 2. Solution pH value as function dissolution time for HCP (—-O0-), QS (-O-), C
(=), D (-0-), 1%HCP (—[3-), 5%HCP ( ), 10%HCP ( ) and 20%HCP (-O0-).

the secondary reaction of CaO in the C-S-H phase and water, pro-
ducing Ca(OH); . The variation of the pH values of the HCP sample
after one day of dissolution in water was approximately 5.3 pH
units. The variation is much higher when compared to calcareous
samples.

In accordance with the pH values obtained at the end of the
experiments and the K, value of the CH phase it was possible to
calculate the concentration of calcium ions remaining in the solids,
considering the equations (10) and (11). It was established that the
final dissolution pH should have values lower than 8.30 for obtain
less than 1% of cement paste in the sample.

Ca(OH),, =Ca%; +20Hy, (10)

CaOs) + H,0) — Ca(OH) (11)

2

At the end of 10 days of dissolution in deionized water and after
dry the materials, the residual weights were checked for each one
of the samples. The cement paste sample, HCP, present a mass loss
of 48%, whereas for the samples of limestone were 9% for dolomite
and 4.5% for calcite (Table 3).

The soluble residues obtained after 10 days of dissolution for
the samples hydrated cement paste (HCP), quatzitic sand (QS),
dolomite (D) and calcite (C) were evaluated by ICP-OES. The results
do not show soluble ions for quarzitic sand sample (QS) after the
dissolution process. In the samples of calcite and dolomite the par-
tial dissolutions of the phases are observed, however the concen-
tration of soluble residue is about 10 times smaller than the
soluble residue of the sample of hydrated cement (see Table 4).

In the soluble residues of HCP, low concentrations of aluminum,
silica and sulfur were also found, this could be attributed to the
dissolution of phases that present K, similar to calcium hydroxide,

Table 3
Mass loss after the dissolution process.

Samples/mixtures Mass Remaining (%) Mass Removed (%)

Qs 99.68 0.320
D 91.05 8.950
C 95.52 4.470
HCP 51.97 48.03
1%HCP 99.27 0.730
5%HCP 97.38 2.620
10%HCP 94.46 5.530
20%HCP 89.25 10.75

such as phases containing calcium sulphates, for examples, gyp-
sum and ettringite commonly found in RCA. The content of alu-
minum and silica may also be related to the dissolution of
nanometric domain by the dissolution of the calcium oxide of
the C-S-H phase with particle size smaller than the opening of
the dialysis bag used (d~3.2 nm).

The chemical composition of the insoluble residue of the HCP
sample evidences the enrichment of the Al,03, SiO,, MgO, Fe,03
content simultaneous to the reduction of the CaO content in
12.4% (Table 5)

The samples QS, C and D do not present significant changes in
the chemical composition after the dissolution process. The results
of XRF and ICP-OES of the HCP, QS, C and D samples indicate the
selectivity of the deionized water in the interaction with the
hydrated cement paste.

The simulate RCA samples evidence the correlation between the
reduction in calcium content (RCC) and the content of hydrated
cement at 1% HCP (RCC=0.7%), 5% HCP (RCC=1.0%), 10% HCP
(RCC=1.8%) and 20% HCP (RCC = 4.4%).

3.2. X-ray diffractometry (XRD)

The XRD of the HCP and HCP_H,O (Fig. 3) corroborate the
hypothesis of reducing the content of calcium, after the dissolution
process of the hydrated cement (HCP_H,0) in water; the peaks of
the phases CH, ettringite and remaining CsS of clinker phase are
no longer observed. The chemical analysis of the soluble residues
corroborates with the analysis of XRD for the sample HCP_H,0,
since show the dissolution of calcium, and also residues of alu-
minum ions, silica and sulfur.

No changes in the XRD profile after the dissolution process were
observed for QS and C samples. The diffraction peaks of dolomite
after dissolution became broader and less intense, that could be
associated with the decrease in the crystallite size of dolomite
sample (Fig. 1A). The XRD profile of simulate RCA samples, 1%
HCP, 5%HCP, 10%HCP and 20%HCP do not present significant
changes after the dissolution (Fig. 2A), fact attributed to low con-
centration of the CH phase in the mixtures and high intensity of
the peaks of the carbonate phase.

X-ray diffraction is a technique applied for identification and
classification of crystalline materials. However, the dissolution
process can increase crystal defects in order to favor the formation
of phases with low or no crystallinity. In this way it is essential to
characterize the solids by techniques that are not directly influ-
enced by the crystallinity of the materials.

3.3. Spectroscopic analyzes: FT-IR and Raman

The analysis of the profile of the infrared spectrum shows shifts
and disappearance of bands in the samples D and HCP after the dis-
solution process, whereas for samples C and QS only changes in
band width were observed in the spectra (Figs. 4 and 5). The spec-
trum will be discussed in three regions: high frequency
(>1700 cm™"), mid frequency (ca. 1200-,1600 cm~") and low fre-
quency (<1200 cm ). The bands present in the regions of high fre-
quency (>1700cm™') are represented by the interactions of the
water molecules and carbonate combination bands [33-36]. The
FTIR spectrum of the HCP sample shows a broad band at
1648 cm™! assign to water bending vibrations v, (H-O-H) and also
two bands at 2800-3700 cm !, a broadband at 3407 cm ! is attrib-
uted to hydrogen bonded (OH-OH) stretching vibration in water
molecules, and a band at 3640 relative to the antisymmetric
stretching mode v (OH) of the CH phase [33-36].

The carbonate combination bands, (Vi + v4), (2 V2 + v4) € (2 V3)
can be observed in the C, C_H,0, D e D_H,0 spectra at 1800, 2540 e
2870 cm™!, respectively. The spectra of the samples QS, QS_H,0, C,
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Table 4
ICP-OES analysis of soluble residue after dissolution process.
Samples [C] Ca [C] Al [C] Fe [C] Mg [C] Na [C]P [C]S [C] Si
(mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
C_H,0 0.92 <LD <LD <LD <LD <LD <LD <LD
D_H,0 0.89 <LD <LD 0.91 <LD <LD <LD <LD
QS_H,0 <LD <LD <LD <LD <LD <LD <LD <LD
HCP_H,0 8.62 0.92 <LD <LD <LD <LD 0.44 0.31
Table 5
XRF analysis of insoluble residue before and after dissolution process.
Si0, Al,05 Fe,03 MgO Cao Na,0 K;0 P,0s LOF
% % % % % % % % %
HCP 15.0 34 2.0 1.9 471 0.2 0.8 0.20 28.6
HCP_H0 24.6 5.5 33 3.1 34.7 <0.10 <0.10 0.30 28.1
C 3.1 0.4 0.2 2.1 53.2 <0.10 <0.10 <0.10 41.8
C_H,0 33 0.3 0.1 21 52.8 <0.10 <0.10 <0.10 419
D 0.6 0.1 0.1 22.0 32.0 <0.10 <0.10 <0.10 46.0
D_H,0 1.2 0.1 0.1 213 31.7 <0.10 <0.10 <0.10 46.2
Qs 96.3 1.9 0.1 <0.10 <0.10 <0.10 1.1 <0.10 0.60
QS_H,0 95.9 2.0 0.1 <0.10 0.2 <0.10 11 <0.10 0.80
1%HCP 81.1 1.7 0.2 13 7.5 <0.10 1 <0.10 7.9
1%HCP_H,0 82.0 1.7 0.2 13 6.9 <0.10 0.9 <0.10 7.6
5%HCP 79.1 1.8 0.2 14 8.7 <0.10 1 <0.10 8.7
5%HCP_H,0 80.6 1.8 0.3 14 7.7 <0.10 0.9 <0.10 8
10%HCP 74.8 1.8 0.3 14 10.9 <0.10 1 <0.10 10.2
10%HCP_H,0 77.7 1.9 0.3 1.5 9.1 <0.10 0.8 <0.10 9.2
20%HCP 66.8 1.9 0.5 1.6 15.4 <0.10 0.9 <0.10 13.5
20%HCP_H,0 73.2 2.1 0.6 1.7 11 <0.10 0.7 <0.10 11.2
6000
— HCP (100%) M
° HCP_H,0 (100%)
5000 -| ‘j/\»\—vv—»/
c
- =
£ 4000+ = SRS ESNES [UU S S S S S
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Fig. 3. XRD analysis of HCP and HCP_H,0 samples. *(®) calcite - CaCOs. (O)
Hatrurite; (@) Ettringite; (#) Ca(OH),.

C_H,0, D and D_H,0 there are no bands related to the stretching
and bending vibrations of the water molecules, fact related to the
low concentration of water molecules in the limestone and in the
QS sample, even after the dissolution process.

The bands present in the mid frequency region of the spectra
are related to the antisymmetric stretching of carbonate (v3)
[34-37]. The respective band are found in the spectra of the sam-
ples at D (1471 cm™"), D_H,0 (1417 cm™?), C (1401 cm™!), C_H,0
(1400 cm '), HCP (1414 cm ') e HCP_H,0 (1435 cm ). After the
dissolution of dolomite is observed a band shift 1471 cm™! to
1417 cm™}, this is possibly attributed to the decrease in the mag-
nesium content in the sample [34,38].

The region of FTIR in low frequency (<1250 cm™!) are related to
bands of silicates, carbonates and sulfates vibrations. The
dissolution in deionized water of the HCP sample promotes the

Fig. 4. Infrared spectra at range 4000-1700 cm ! of the samples HCP (-), HCP_H,0
(=), D(-), D_H,0(-), C(-), C_H0( =), QS(-), QS_H,0( -).

disappearance of the broadband at 1113cm ! assigns to the

(S-0) stretching of the sulfate phases, indicating the dissolution
of sulfate-containing phases as already suggested by the XRD and
ICP-OES analyzes. The bands at 830-890cm ! e 700-730 cm !
are due to in-plane (v4) and out-of-plane (v,) bending vibration
of COs, respectively. The bands at 960, 550 e 440 cm™! are attribu-
ted to antisymmetric stretching, bending and deformation vibra-
tions of tetrahedron silicates Si-O [33-35], respectively, these
bands can be observed at the spectrum of the sample QS.

The simulate RCA samples spectra did not show significant
changes after the dissolution process, this is possibly due to low
concentration of hydrated cement. The spectra of the simulate
RCA samples can be seen in Fig. 3A and Fig. 4A, available in the
supplementary information.

In order to complete the spectroscopic characterization, the FT-
Raman analysis was performed. According to Newman et al. (2005)
[39], the Raman spectra obtained with near-infrared laser radiation
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Absorption

1600 1400 1200 1000 800 600 400

Wavenumber (cm™)

Fig. 5. Infrared spectra at range 1700-400 cm ' of the samples HCP (-), HCP_H,0
(= D(~), D_H0(~), €(- ), C_.H20( =), QS(-), QS_H,0(-).

show signals in relation to the fluorescence of Portland cement.
The FT-Raman analyzes of the HCP sample indicate fluorescence
bands at 450, 725, 803, 1027 e 1127 cm !, after the dissolution
process these bands disappear (Fig. 6).

The calcium minerals present particularities in the analysis of
Raman spectroscopy when irradiated by laser at 1064 nm
(FT-Raman). In the literature studies of calcium minerals in FT-
Raman presented unusual bands in the spectrum, such bands have
often been misinterpreted as Raman signals, but can be correctly
assigned as fluorescence signals, these bands are commonly found
in calcium phosphate minerals [40|. Some minerals containing

Intensity (counts)

T T T T
2000 1500 1000 500

Wavenumber (cm™)

T |
3000 2500

Fig. 6. Raman analysis of HCP (-) and HCP_H,0 ( - ) samples by laser excitation at
1064 nm.

Table 6
Literature Raman data for clinker, cement and calcium minerals phases.

calcium in the composition such as fluorapatite (Ca;o(PO4)sF2)
[41], calcium hydroxide (Ca(OH);)[40,42] and hydroxyapatites
(Ca19(P04)e0OH;) [43] show fluorescence profile in the FT-Raman
spectrum. The bands of hydrated cement, clinker and calcium min-
erals present similarities in the signal profile and position of the
fluorescence bands (Table 6) [39-43].

The clinker phases C3S and C,S also present fluorescence signals
in FT-Raman analysis, however the CS (Wollastonite (CaSiOs3))
phase does not have fluorescence profile [39]. There is no clear
explanation for this fluorescence, but Newman et al. (2005) [39],
suggest the association of fluorescence signal with the structural
disorder provided by orthosilicates compounds presents in the
C-S-H, during the cement polymerization the intensity of fluores-
cence signal decrease due to the rearrangement of silicates groups
in the structure. The evidences of fluorescence signals in clinker
phases (C3S and C,S) and hydrated cement paste (C-S-H), lead to
associate these fluorescence signals in FT-Raman to those found
in some calcium minerals as calcium hydroxide, fluorapatite and
hydroxyapatites.

Some authors suggest that cement fluorescence signals are
associated with transition elements or rare earths [40,41]. Man-
ganese oxide (MnO3"), for example, shows a similar luminescence
profile of hydrated cement [44]. In the present work as evidenced
in XRF analysis, there is no manganese oxide in the HCP sample.

The calcium hydroxide, however, has similar luminescence sig-
nals and can be one of the factors responsible for luminescence sig-
nals in hydrated cement, however, this hypothesis does not explain
the fluorescence signals found in C3S and C,S clinker phases [39].

In the study related to the fluorescence bands of hydroxyap-
atites replaced with lead (Ca;q_xPbx(PO4)s(OH),), Hadrich, Lautié
e Mhiri (2001) [43] take note of fluorescence bands at 690 and
769 cm~! in FT-Raman analysis when x < 7, and suggest that
could be attributed to the orientation and disorder of the anions
(OH") associated with the divalent cations (M2") especially where
there is calcium in the composition. The hypothesis suggested by
the authors is plausible to explain the FT-Raman spectrum of
hydrated cement phases. The Ca*? ions are associated to hydroxyls
in both the G,S, C3S, C-S-H and CH phases, so the fluorescence
bands observed in FT-Raman analysis are possibly associated with
structural factors of the phases. Thereby, the disappearance of the
fluorescence bands in the FT-Raman spectrum after dissolution
could be assigned to the reduction or complete extraction of cal-
cium ions associated with hydroxyl, present in CH and C-S-H. In
case of the suggested hypothesis could be confirmed, Raman spec-
troscopy could be used as an important qualitative tool to identify
the absences of the CH, C,S, C3S and C-S-H phases in the cement.
Future applications may involve the classification of the CDW or
evaluate the viability of the extraction of the hydrated cement in
the processing.

The Raman spectrum of the simulated mixtures before and after
the dissolution process are presented in the supplementary infor-
mation (Fig. 5A).

HCP* (cm™ 1) Ca(OH)8< (cm™ ) Hydroxiapatite (cm ) G384 (em™ 1) G584 (em™ 1) Cement? (cm™')
450
570
725 721-723 690 730 650
803 776-800 770 805 800
915 920 940
1027 1100 1000
1127 1155 1130

a-Present work b-Ref. [42] c-Ref. [40] d-Ref. [39].
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Fig. 7. TG/DSC analysis of HCP and HCP_H,0 samples.

3.4. Thermal analysis coupled with mass spectrometer (MS)

The thermal analysis of HCP and HCP_H,0 shows differences in
TG/DSC profile after dissolution process. In Fig. 7, the main
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boxes.

The thermal decomposition of the HCP sample can be divided
into four stages of mass loss by the TG curves:

a) The first stage of mass loss between 33 and 200 °C, is associ-

ated with losses of hydration and constitution water in
hydrated cements, confirmed by typical endothermic pro-
cess observed on DSC curve (Fig. 7) and fragment m/z 18
(H,0) presented in the MS curve (Fig. 8) [45,46]. After the
dissolution process, the decrease in the amount of water is
observed about 3.6% (Table 7).

b) The second step of mass loss between 350 and 500 °C is also

0

B
0

c

-0.2
e -0.4
-0.6
0-0.8

TG (% m

lon current (A)

associated with water loss, a fact corroborated by m/z 18.0
(H,0) in the MS curve. This decomposition step is related
to dehydroxylation process of the CH phase [5,46-49]. As
evidenced after the dissolution process, this step is no longer
observed, the mass loss value on this step decrease by 2.8%
in HCP_H,0 sample (Table 7).

The third stage of mass loss is associated with the carbonate
thermal decomposition [5,46-48]. The TG curve of the HCP
sample shows a defined mass loss event at 500-800 °C, with
an endothermic peak at DSC curve and fragment m/z 44
(CO,). The mass losses on this step could be relate with
the calcium carbonate thermal decomposition equilibrium
in order to calculate the content of CaCOs in the samples.
The HCP sample presented 7.5% CaCOs residue, whereas
after the dissolution process in the HCP_H,0 sample it was
observed that increase in CaCO; content (38.5%), it is due
to the reaction between calcium ions released during the
dissolution process and carbonate generated by the reaction
between water and gaseous CO, in the environment. The
remaining CaO from carbonate thermal decomposition rep-
resent 29,9% in mass. Comparing the results obtained by
the TG calculations and XRF analysis, it was verified the

400 600 800
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1000 1200
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Fig. 8. Mass spectrometry analysis of HCP (A) and HCP_H,0 (B) samples coupled with TG analysis, the fragments found in thermal decomposition process, m/Z 18 (H,0), 44

(CO,) and 64 (SO,).
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Table 7
Mass loss of TG decomposition events for standards samples HCP, HCP_H,0, QS, QS_H,0, C, C_H,0, D, D_H,0.
Samples 1° Step 2° Step 3° Step 4° Step
Mass loss (%) Temp. Range (°C) Mass loss (%) Temp. range (°C) Mass loss (%) Temp. range (°C) Mass loss (%) Temp. range (°C)
HCP 11.38 30-200 524 430-500 329 500-800 1.56 800-1200
HCP_H,0  7.78 30-200 2.41 430-500 16.94 500-800 2.60 800-1200
Qs 1.32 35-1200 - - - - - -
QS_H,0 1.96 35-1200 - - - - - -
C 1.90 100-500 40.55 500-850 0.43 850-1200 - -
C_H,0 0.42 100-500 31.63 500-850 0.65 850-1200 - -
D 1.53 35-300 47.12 365-800 3.00 800-1200 - -
D_H,0 1.15 35-300 46.32 365-800 0.75 800-1200
difference of 4.8%, that can probably represent the calcium 25
sulphate and/or cement hydrates phases that were not dis- - y=1.1076x+0.2492 .
solved in the process. 20 R?=0.9993
d) The fourth stage of mass loss is attributed to the decomposi-
tion of sulfates as indicated by the presence of the fragment =15
m/z 64 (SO,) in MS curve [50]. After the dissolution process, &
the sulfate content increases by 1.0%. The process of dissolu- A& 1o >
tion promotes an increasing in the sulfate content by 1.0%, ®)
probably due to free sulfates present as contaminant in the é 5 i
dialysis sacks.
0
The TG/DSC/MS analyzes of the dolomite, calcite and quartzitic 0 10 20 30
sand samples showed no changes in the thermal decomposition ) . - )
profile after the dissolution process as observed in Table 7 and RACP (%)

Fig. 9.

At the end of the sample’s characterization by thermal analysis
of the HCP sample it was possible to verify that despite 10 days of
the dissolution process in deionized water, it was not possible to
remove 100% of the calcium present in hydrated cement paste,
however, the TG calculations indicated only about 5.0% CaO corre-
sponding to the undissolved phases. It's necessary to consider also
the problems resulting of CaO/Ca(OH), to CaCO3; conversion, that
consequently generates an increase of molar mass.

Although with the premise that in 10 days of dissolution the
simulate RCA samples follow the same behavior of the sample con-
taining 100% HCP it was possible to establish a simple equation in
order to relate the experimental and real cement content. The
assumptions concepts applied to satisfy the equation were: the
kinetic and thermodynamic factors of the hydrated cement disso-
lution in deionized water are independent of the composition of
simulate RCA samples; the influences of the carbonate and other

"— s
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Fig. 9. TG analysis of calcite (C), dolomite (D) and quartzitic sand (QS) before and
after dissolution process (H,0).

Fig. 10. Relation between estimated amount of cement paste (EACP) and real
amount of cement paste (RACP).

phases dissolution and the conversion of CaO/Ca(OH), to CaCOs;
were not considered in the equation.

A good correlation between the experimental results of experi-
mental (EAPC) and real (RAPC) contents of cement paste in simu-
late RCA were found (Fig. 10).

removed mass sample(%) x 100
remowved mass HCP(%)

% Cement paste content = (12)

The equation represents successfully the content of cement
paste on RCA simulated samples by dissolution method in deion-
ized water. The dissolution method in water presents good preci-
sion and accuracy, although it overestimates the content of
cement paste, this is probably due to the partial leaching of the
limestone and ettringite phases.

4. Conclusions

The method presents good efficiency in the removal of the cal-
cium ions from the hydrated cement phases, C-S-H and CH. The
selectivity of the hydrated cement reaction with water was con-
firmed by the characterization techniques. The chemical analyzes
of XRF of HCP_H,O sample indicate the enrichment of SiO,,
Al,03, Fe,03, MgO and P,05 phases, this is mostly due to the disso-
lution of calcium ions as indicated by ICP-OES analysis. No enrich-
ment process occurs in calcite, dolomite and quarzitic sand
samples.

The applied method was able to remove the CH and ettringite
phases from hydrated cement as indicated by XRD analysis. There
are no significant changes in the XRD profiles of calcite, dolomite
and quarzitic sand samples after dissolution.

The FTIR spectroscopic analysis indicates the disappearance of
the CH phase on HCP_H,O0 sample corroborating the XRD analysis.
The Raman spectra of the HCP sample presents fluorescence bands
as described in the literature, however after the dissolution process
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these bands disappeared. The fluorescence profile observed in
FT-Raman analysis for clinker and hydrated cement has not been
clarified yet, however the hypothesis that best explains the
disappearance of the bands after the dissolution process relates
luminescence to structural factors between calcium and hydroxyl
ions presents in C-S-H and CH phases.

The dissolution method in deionized water presents good ana-
lytical results for quantifying the cement paste content in recycled
concrete aggregates containing limestone, however, more studies
are necessary to improve the method in order to minimize the
carbonate contamination and to reduce the time of dissolution.
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