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Alkali-activation of marble sludge: influence of curing conditions and waste
glass addition

Bartolomeo Coppola, Paola Palmero, Laura Montanaro, Jean-Marc Tulliani

Politecnico di Torino, Department of Applied Science and Technology, INSTM R.U. Lince
Laboratory, Corso Duca Degli Abruzzi, 24, Italy

Abstract

The use of marble sludge as precursor for new alkali activated materials was assessed studying three
different curing conditions (air, humid and water immersion, respectively), after an initial curing at 60 °C for
24 h, and two glass powder fractions additions (2.5 and 5.0 vol%). Microstructural, physical (drying
shrinkage, Fourier transform-infrared (FT-IR) spectroscopy, X-ray spectroscopy (XPS)), thermal
(differential thermal analysis — thermogravimetric analysis, DTA-TGA) and mechanical (flexural and
compressive strength) properties were investigated. Air curing was the most favourable atmosphere for
mechanical properties development because it promotes Si-O-Si polymerization and gel densification, as
demonstrated by FT-IR and FE-SEM observations, respectively. Satisfactory mechanical properties were
achieved (18 MPa and 45 MPa, for flexural and compressive strength, respectively) in particular for glass
containing mixtures. Moreover, glass powder addition significantly reduced drying shrinkage of air-cured

samples because it operated as a rigid aggregate in the matrix and strengthened the formed gel.
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1. Introduction

The energy and environmental impact generated by quarrying companies is a major concern. Several studies
highlighted that the main issues during ornamental stone processing (i.e. extraction, transportation,
installation and disposal) are those related to energy, water consumption and waste management [ 1-5]. Waste
deriving from stone industry can be divided into two categories: solid waste and stone slurry (or quarry
mud). The first category includes the discarded stones or the processing wastes; the second one includes
liquid or semi-liquid substances generated during sawing and polishing processes. Muds water content is
reduced through filter-pressing or evaporated during slurry stocking in ponds. Depending on the type of
process involved, the sludge generated is estimated over 30% of the volume of the sawn block [6]. Today,
this waste is almost completely landfilled, causing the progressive but inevitable filling of the dumps. If
dispersed in the air, such fine particles are harmful to human and animals, as they can induce asthma,
silicosis and lung cancer [7]. Therefore, the utilization of such waste in the construction industry could be a
smart solution to avoid landfilling and dust propagation in the environment. Galetakis and Soultana [§]
reviewed the utilisation of quarry fines in the production of building materials. Authors found that slurries
could be used as fine aggregates or as cement replacement [6,9,10] while solid wastes could partially replace
aggregates in concrete mixtures [11], as already proposed in literature also for other wastes [12-16]. More
eco-sustainable solutions (reuse water, use natural fibres, avoid calcination etc.) should be found to reduce
the overall construction sector environmental impact [17-20]. Indeed, cement production significantly
contributes to CO; global emissions, thus leading the research to find green alternatives to ordinary Portland
cement (OPC). Among possible solutions, alkali-activated materials (AAMs) are emerging as potential
alternative binders to OPC, due to superior durability and lower environmental impact [21,22]. AAMs are
traditionally obtained by reaction of an alkali metal source (generally sodium or potassium hydroxide and
sodium silicate) with amorphous or semi-amorphous calcium-aluminosilicate precursors [22], such as
metakaolin, pozzolans, fly ashes and ground-granulated blast-furnace slag [20-25]. Very recently, some
attempts to develop alkali activated materials from crystalline precursors [12,13], including marble and
granite sludge [26-31], have been performed. Marble is a metamorphic rock mainly constituted of calcium
carbonate (CaCOs) while granite is a felsic intrusive igneous rock consisting of quartz, mica and feldspar

(S8102-A1,03-K,0-NayO). The exploitation of granite waste in the alkaline activation process has been the



subject of different researches [26-28], including one of the authors’ previous work, in which both structural
dense samples and foamed materials were developed [26]. On the other side, only few studies investigated
the alkali-activation of carbonates, and no previous work, at the best of our knowledge, specifically refers to
the alkali-activation of marble muds. Tekin [29] developed geopolymers starting from a mixture of marble,
travertine and natural pozzolan, under different curing conditions. The author achieved high compressive
strength (46 MPa) under dry curing at 20°C. On the opposite, wet curing led to efflorescence and heat curing
(at 75°C) increased early strength but led to cracking phenomena. Salihoglu and Salihoglu [30] used waste
marble sludge in combination with several binders: cement, fly ash, clay, gypsum and blast furnace slag to
prepare geopolymer pastes. Authors found that marble addition improved mechanical properties in almost all
combinations. Very recently, Ortega-Zavala et al. [31] investigated the alkali-activation of limestone as
single precursor with sodium hydroxide and sodium silicate. Authors found that the developed
microstructure was mainly composed of a mixture of silica gel, carbonates, C-S-H, sodium calcium silicate
hydrates (N-C-S-H) and sodium silicate hydrates (N-S-H). Moreover, compressive strengths ranging from 15

to 25 MPa after 360 days were determined.

Unlike previous papers, this research aims at investigating the potential of marble sludge to undergo alkaline
activation. As a further point of innovation, the influence of silica from waste glass on the development of
mechanical properties will be investigated as well. In fact, it is already known that the use of a readily
available silica source can improve mechanical strengths and durability properties, both in traditional
cements and AAMs [32-52]. For AAMs, most of the studies focused the attention on the use of rice husk ash
[32-38] and silica fume [39-47] while only few papers investigated the use of glass powder [34,48-52].
Therefore, in this work, marble sludge is submitted to alkaline activation. Different curing conditions (i.e.
dry, humid and wet atmospheres) and mixture compositions (i.e. different glass powder additions) are
investigated. The role of these parameters on the development of fresh and hardened samples is analysed and

discussed on the basis of the results of several characterisation techniques.



2. Experimental

2.1 Materials

Alkali-activated materials were prepared using waste marble sludge and waste glass powder as raw materials.
A carbonatic sludge (CS), collected from an Italian marble producer (Best One s.r.l., Carrara (MS), Tuscany,
Italy) was used as main source for alkali-activated materials. As-received CS was oven-dried at 80 °C for two
days prior to using. A waste glass powder (GP) was supplied by an Italian company (Tecno Recuperi S.p.A.,
Gerenzano, Italy), that recovers recyclable materials from urban and industrial areas. In spite most of the
recovered glass is sent to the glass industry stream, a huge volume of wastes still remains. This includes the
finest fraction (0-4 mm, corresponding to a volume of approximatively 18,000 tons/years collected by the
company) used in this work. GP was submitted to several washing steps, necessary to remove most of all the
contaminants (paper, aluminium, food residues, organic compounds etc.), and then dry-milled using a

laboratory Turbula mixer, to achieve a fine particle size distribution.

X-ray diffraction (XRD) patterns of the CS and GP are reported in Figure 1. CS contains mainly CaCOs3
(calcite, JCPDS card n°05-0586), while MgCa(CO3), (dolomite, JCPDS card n°36-0426) is present as a trace
(Figure 1a). On the contrary, the XRD pattern of GP presents only a wide amorphous halo, typical of glassy

amorphous phase (Figure 1b).
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Figure 1: XRD patterns of: a) carbonatic sludge (CS); b) glass powder (GP)

Chemical composition of the starting powders was determined by X-ray fluorescence (XRF, Rigaku ZSX
100E, Tokyo, Japan) and the results are reported in Table 1. As expected, the main constituents of CS is

calcium oxide, CaO, within lower amount of magnesium oxide (MgO, 1.41 wt%). XRF results are in line with
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XRD analysis, confirming the presence of calcium carbonate as main constituent and dolomite as secondary
phase (Figure 1). GP is mainly composed of SiO; (69.4 wt%), besides considering amounts of CaO and Na,O
(12.2 and 11.3 wt%, respectively), being a soda-lime glass. A limited amount of aluminium oxide is present

as well (2.44 wt%), as expected in glass bottle composition.

Table 1: XRF of the carbonatic sludge (CS) and glass powder (GP)

Oxide Wt%) CS  GP

CO: 54.30 -
CaO 44.20 12.2
MgO 1.41 291
Fe:03 0.07 0.51
SiO: - 69.4
Na.0 - 11.3
AlLO3 - 2.44
K0 - 0.93

Particle size distribution of raw materials was determined by laser granulometry (Fritsch Analyzette 22, Idar-
Oberstein, Germany) after dispersion in distilled water and sonication for 15 minutes. Frequency and
cumulative frequency of the two powders are reported in Figure 2. CS particles are finer than GP ones, as
evident from Table 2 which collects the particle sizes corresponding to 10% (di0), 50% (dso) and 90% (dgo) of

the cumulative distribution.
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Figure 2: Particle size distribution of carbonatic sludge (CS) and glass powder (GP)



Table 2: Particle sizes at 10% (di0), 50% (dso) and 90% (dso) of the cumulative distribution for CS and GP powders

Powder dio (Lm) dso (Lm) doo (Lm)
CS 1.1+0.1 6.1+0.1 23.0+1.7
GP 2.6+0.3 20.2+3.3 524+114

FE-SEM micrographs of CS powder are reported in Figure 3a. Most of the particles have a diameter lower
than 20 pm, coherently to the laser granulometry distribution (Figure 2 and Table 2), in spite some larger
grains are visible as well. Particles show an irregular shape with sharp edges and rough surface texture.
Moreover, at higher magnifications (inset of Figure 3a), single calcite crystals can be recognized thanks to
their characteristic cubic shape (ranging from few nanometers up to approximatively 100 nm). These single

crystals are probably due to precipitation phenomena in calcite-rich solutions when water evaporates.

a) SRPCERYAL
Figure 3: SEM micrographs of: a) carbonatic sludge powder (1,000 and 100,000%) and b) glass powder (1,000x and 10,000x)
Also in the case of GP (Figure 3b), particle dimensions are in line with laser granulometry. At higher
magnifications (inset of Figure 3b), the irregular geometry of glass particles, the smooth surfaces typical of

glasses and the conchoidal fractures due to the grinding process can be easily observed.

The alkaline solution was prepared using sodium hydroxide (NaOH pellets, Sigma-Aldrich), sodium silicate
solution (containing SiO; = 28.00%, Na,O = 8.28% and H,O = 63.72%; pH = 11.4, density = 1.37 g/mL,

Ingessil S.r.1., Montorio, Italy) and distilled water.



2.2 Samples preparation

To understand the effects of alkali-activation, curing conditions and GP addition on the developed materials,

several formulations were explored.

The alkaline solution (NaOH+Na,Si03+H,0) was prepared at fixed Si02/Na,O molar ratio (i.e. 1.65,
corresponding to 14% Na»O, 23% SiO; and 63% H,0). NaOH pellets were dissolved in distilled water for 2
hours; then sodium silicate was added, and the solution was stirred for further 2 hours prior using. Pastes
were prepared by mechanically mixing CS and alkaline solution for 10 minutes in a laboratory mixer
(Hobart, Columbus, OH, USA). Liquid to solid volume ratio (L/S) ratio was fixed at 35/65, (considering as
liquid the solution made of water, sodium hydroxide and sodium silicate) according to preliminary results.
Indeed, we investigated different L/S ratios and the one used in this manuscript (i.e. 35/65) was the best one

in terms of casting and compacting behaviour.

Pastes were cast into PMMA moulds to obtain prismatic samples (2 x 2 x 8 cm®) for mechanical tests.
Alkali-activated samples were oven-cured for 24 hours at 60 °C in sealed vessels before specimens
demoulding. After demoulding, samples were submitted to three different curing conditions at room
temperature (20 £ 3 °C): air (relative humidity, RH = 18 £ 2 %), humid (RH =95 + 2 %) and water
immersion. In particular, in the first case, specimens were exposed to laboratory RH; in the second case,
specimens were sealed in a closed container with a water beaker to guarantee a constant RH; in the last one,
samples were completely immersed in water. Finally, the addition of GP was investigated considering two
different volume fractions (2.5 and 5.0%, respect to the volume of CS). For the formulations containing GP,
the required amount of glass powder was added into the alkaline solution and kept under continuous

magnetic stirring for 1 day before using.

For sake of clarity, sample designations according to curing conditions and glass waste addition are listed in
Table 3. For example, CS-GP,5-A is the sample made of carbonatic sludge (CS) containing 2.5 vol% of glass

powder (GP) cured in air (A).



Table 3: Nomenclature, composition and curing conditions (H = humid, A = air and W = water) of the alkali-activated materials

Sample name  Glass powder (vol%)° Curing
CS-GPo-A - Air
CS-GPo-H - Humid
CS-GPo-W - Water
CS-GP2s-A 2.5 Air
CS-GP,s-H 2.5 Humid

CS-GP,5-W 2.5 Water
CS-GPso-A 5.0 Air

CS-GPs-H 5.0 Humid
CS-GPso-W 5.0 Water

°relative to the volume of CS

2.3 Samples characterization

TG-DTA analysis (Netzsch, STA 409, Selb, Germany) were performed on powdered samples, up to 1000
°C, in static air (heating and cooling rate of 10 °C/min). Before the test, water immersed samples were oven
dried at 60 °C until constant mass. Specimens length variation was measured daily during the 28-days curing
for all the curing conditions, in order to determine shrinkage (calculated as the ratio between the length
variation and the initial length, in percentage). The results are the average values of three specimens. XRD
analysis was performed on powdered samples and spectra were recorded using a Pan'Analytical X'Pert Pro
instrument (Pan'Analytical, Almelo, The Netherlands) with CuKa radiation (0.154056 nm) in the 20 range
10-70°. Mechanical properties of alkali-activated pastes were measured using an electromechanical testing
system (Zwick Roell 2014, Ulm, Germany) equipped with a load cell of 50 kN. Three point bending flexural
strength and compressive strength were determined on prismatic samples (2 x 2 x 8 cm®) using a load rate of
50 and 2400 N/s, respectively. Compressive strength was determined on 2 x 2 x 4 cm®, half-samples
resulting from the bending tests. To this aim, the testing machine was equipped with two steel bearing
blocks: one bearing block was spherically seated and the other rigidly mounted. Mechanical properties were
determined after 14 and 28 days of curing and the results are the average of three measurements for flexural
tests and of six measurements for compressive tests. FT-IR measurements were performed on a Nicolet iS50
Spectrometer (Thermo Fisher Scientific, Massachusetts, USA). Spectra were recorded in attenuated total

reflectance (ATR) mode in the range 4000-400 cm™. X-Ray Photoelectron Spectroscopy (XPS) was carried



out with a PHI-5000 Versaprobe instrument (Physical Electronics, Chanhassen, MN, USA) using an AlKa
monochromatic source. Survey scans (collected in the range 0-1200 eV) and high resolution (HR) O(1s)
spectra (523-543 eV) were acquired using a 100 um X-rays spot. HR spectra were shifted, in the binding
energy scale, in order to place the C(1s) peak at 285 eV, to compensate surface charging phenomena [53,54].
Morphologies of powders and alkali-activated pastes (both on polished and fracture surfaces) were examined
by means of a FE-SEM (Zeiss Supra-40, Oberkochen, Germany) equipped with an Oxford Energy
Dispersive X-ray detector. All observations were performed after sputtering samples with a thin coating of

platinum.

Finally, all samples were immersed into tap water to check their durability in wet conditions.

3. Results and Discussion

3.1 Shrinkage

Mass and length variations were measured daily, for air, humid and water-immersed samples during the 28
days curing period. It is well known that alkali activated binders tend to exhibit relative high drying
shrinkage [55,56] but information are missing concerning humid and wet curing. From Figure 4, it is clear

that the three different curing conditions play a key role on specimens’ shrinkage.

Air cured samples show the highest length variation (Figure 4a) compared to the other two curing conditions
and, in parallel, the highest mass loss (not shown). For CS-GP¢-A and CS-GP»s-A samples, most of the
shrinkage occurs during the first ten days, where the shrinkage rate is higher, while for CS-GPs¢-A samples
during the first five days; after that, for all the samples, a constant value was attained. At the end of the test
(i.e. after 28 days), the shrinkage of glass containing samples was significantly lower respect to the reference
sample (shrinkage values are - 3.87%, -3.28% and -1.18% for CS-GPy-A, CS-GP,s-A and CS-GPs-A,
respectively). Two main explanations can be given: first, undissolved glass particles act as a rigid aggregate,
contrasting shrinkage phenomena; second, the reaction products of glass-containing mixtures have an
improved strength respect to glass-free formulations, in agreement with Zhang and Yue [49] who obtained

similar results for alkali-activated slag mortars containing waste glass powder. Finally, for CS-GPs¢-A



samples, thanks to the relative high glass powder content (5.0 vol%), no length variations were observed

after 6 days, while for the other two mixtures meaningful length variations were recorded up to 15 days.

Considering humid-cured samples, no meaningful length (Figure 4b) and mass variations were recorded
during the curing period, meaning that samples were water and/or water vapour saturated during all the

curing period with no hygrometric variations (i.e. drying shrinkage).

Finally, considering length variation of water immersed samples (Figure 4c), two different behaviours can be
distinguished. All the samples expand during the first days of immersion, and particularly CS-GPo-W (i.e.
without glass) and CS-GP,s-W (i.e. with 2.5 vol% of glass) samples. Then, these two materials shrink up to
the tenth day of immersion, while CS-GPs-W (i.e. containing 5.0 vol% of glass) doesn’t shrink after the
initial light expansion. This behaviour can be explained considering that water immersed samples absorb
water during the first days, i.e. mass increases (data not reported), while after few days, they start to loss
mass, due to the dissolution into water of some compounds, as will be discussed later. Thus, in the initial
stage, contextually to water absorption, some swelling occurs; later, after 5-7 days approximatively, samples
start to shrink due to matrix dissolution. Once again, the presence of higher amounts of glass powder (i.e. 5.0

vol%) was effective in reducing shrinkage phenomena as previously discussed.
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Figure 4: Length variation of alkali-activated carbonatic sludge specimens: a) air-cured, b) humid cured and ¢) water immersed

Comparing length variations of air-cured specimens and considering glass content and curing time (Figure

5), two considerations can be drawn. First, higher the glass content, lesser the shrinkage; second, higher the

glass content, lower the time to achieve a constant length. Hence, glass powder addition is very useful in

contrasting shrinkage phenomena.
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A, (%)

Figure 5: Length variation of the air-cured specimens after 2, 6 and 12 days for the different glass volume fractions

3.2 XRD

XRD patterns of the alkali-activated pastes after 28 days of curing in different conditions are reported in

0.00
-1.00 1
1 2 Days )
. .........................
2.00 1
300 B 77
12 D—ays_ -

Glass content (vol%)

Figure 6. The sharp peaks of the phases composing the starting sludge (calcium carbonate and dolomite) are

still present in the hardened samples, for all the curing environments. However, in the case of air cured

specimens (CS-GPo-A), some new peaks (inset of Figure 6) corresponding to sodium carbonate hydrate

(thermonatrite, Na,CO3-H,O, JCPDS card n°08-0448) were observed. On the other side, GP addition shows

no influence on the formation of new crystalline phases, independently of curing conditions.

CS-GPo-A

Intensity (a.u.)

Figure 6: XRD pattern of the alkali-activated carbonatic sludge after curing in different conditions (O = Dolomite; ® = Calcite;

20 (%)

+ = Thermonatrite)
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3.3 Thermal analysis

Thermal analysis of the oven-dried carbonatic sludge is reported in Figure 7. DTA shows an endothermic
peak at 930 °C corresponding to a total weight loss of 43%, as given by TGA curve. Decomposition of
dolomite (in magnesium oxide, MgO, and carbon dioxide, CO,) and calcite (in calcium oxide, CaO, and
CO,) starts at 720 °C and ends at 975 °C. As reported elsewhere [28,57], dolomite and calcite decomposition

peaks are not separated when the test is carried in air atmosphere, as in the present case.
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Figure 7: TGA-DTA in air of dried carbonatic sludge

Thermal analysis of the alkali-activated CS after 28 days of curing in the different environmental conditions
are reported in Figure 8. TGA-DTA curves can be divided in three different zones: 50-175°C, 500-750°C
and 750-1000°C. No meaningful differences were noted on samples containing or not glass powder. Thus,

only TGA-DTA curves of alkali-activated CS without glass powder are here discussed.

The weight loss in the first range (50-175°C) corresponds to water evaporation and dehydration. As

expected, the moisture content (free water + adsorbed water) is higher in CS-GP¢-H samples than in CS-GPo-
A specimens because the high RH of the humid environment prevented moisture evaporation. In particular,
the weight loss of the samples cured in humid environment (CS-GPy-H) corresponds to 10 wt%, while that of
air cured samples (CS-GP¢-A) corresponds to only 2 wt%. In this latter case, thermonatrite dehydration also

occurs at low temperature, leading to anhydrous sodium carbonate [58]. On the contrary, specimens cured

13



under water immersion do not display weight loss in this temperature range since they were oven dried at
60°C before the test (see sample characterization, § 2.3). For air and humid-cured samples, the different

contributions related to water evaporation phenomena were separated through DTG peak deconvolution

(Figure 9).
115
100 q = " 910°C |
] \ [
: \ r 95
90 1 "' :
R CS-GPo-H e, ; 75 s
?\i 80 CS-GPo-A 82 : %.
O N CS-GPo-W Fss 2
.6 H
Z 70 A : =
] F 35
60 1 F 15
50 - . -5

25 125 225 325 425 525 625 725 825 925 1025
Temperature (°C)

Figure 8: TGA-DTA in air of the alkali-activated carbonatic sludge after curing in different conditions

DTG curve of CS-GPy-A sample can be deconvoluted into three contributions (Figure 9a) which correspond
to i) evaporation of water from pores (free water), peak at 74 °C, ii) adsorbed water as well as dehydration of
possible C-S-H species, peak at 102 °C, and iii) thermonatrite water molecules loss [58], peak at 136 °C,
respectively. On the contrary, the DTG curve of CS-GPo-H sample (Figure 9b) shows only two
contributions, since the signal due to thermonatrite dehydration is not present. Coherently to what previously

shown in the XRD section (§ 3.4) thermonatrite was formed only in air-cured materials.
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Figure 9: DTG of (a) CS-GPo-A and (b) CS-GPo-H in the range 50-250 °C

Weight loss in the range 500-750°C can be related to two different thermal decompositions: the first one

(629-641 °C) could be due to poorly crystalline forms of CaCOj3 (aragonite, vaterite, and amorphous calcium

carbonate) decomposition [59] while the second one (681-691 °C) is probably due to sodium carbonate,

Na,COs3, decomposition. Usually, sodium carbonate melting happens above 800 °C in air [60]. However, the

presence of fine silica can lower the beginning of its decomposition temperature down to 500°C [60].

Finally, the peak in the third range (750-1000°C) corresponds to calcium carbonate and dolomite

decomposition with a weight loss of about 22% for water and humid cured samples and 28% for air cured

samples. The shoulder at 820 °C of the DTA curves could be due to dolomite double stage thermal

decomposition [61]:

CaMg(COs); — CaCO; + MgO + CO; (at 820 °C) — CaO + MgO + 2 CO, (at 910°C) (eq. 1)




3.4 FT-IR

Figure 10 depicts the FT-IR spectrum of CS powder showing the typical spectrum of calcite. The main IR

bands correspond to the symmetric and asymmetric vibrations of the carbonate ion (CO%7): 713 cm™ (mode

va); 874 cm! (v2); 1130 em™ (vi); 1390 cm™ (v3) and 1794 cm™ (C=0O groups) [53].
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Figure 10: FT-IR of CS and detail of the 650-950 cm! range

FT-IR spectrum of glass powder (Figure 11) shows three main absorption bands at 962, 769 and 450 cm™,

corresponding to asymmetric stretching vibration of Si-O-Si, symmetric stretching vibration of Si-O-Si and

bending vibration of O-Si-O, respectively [62].
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Figure 11: FT-IR of glass powder and detail of the 425-1625 cm! range
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FT-IR of the CS-GP, compositions, powdered after exposure for 28 days at the different curing conditions,
are reported in Figure 12. All the specimens show similar spectra containing the main peaks of calcium
carbonate previously discussed but some differences in the range 450-1250 cm™ (inset of Figure 12) can be
observed. The broad band in the range 800-1200 cm™ corresponds to the Si-O vibrations [63]. In particular,
to better determine all the contributions, spectra deconvolution in the 900-1200 cm™ range was performed
(Figure 13). Four different curves can be identified, corresponding to: i) asymmetric stretching vibrations in
the Si-O bonds of silica tetrahedra in C-S-H in the Q* coordination status (950-970 cm™) [31,63], ii) bending
vibrations of Si-O bonds of the silica gel (990-1020 cm™) [31] and Si-O stretching vibrations in a silicon-rich
gel (iii) 1060-1080 cm™ and iv)1125-1150 cm™) [63]. The C-S-H Si-O bonds bending vibrations band is
present in all the investigated formulations (i.e. for all the curing conditions), with a higher intensity for the
air-cured specimen. This can be explained considering an initial formation of C-S-H during the first day of
curing at 60°C in a sealed vessel, for all samples. Then, polymerisation and condensation reactions were
favoured only in the case of air cured specimens while were hindered or delayed in the other two curing
environments. As demonstrated elsewhere [64,65], calcite solubility is strongly influenced by NaOH
concentration: at high NaOH molarities, Ca*" is converted into Ca(OH), due to the large amount of available
OH [64]. Moreover, the presence of silica in the activating solution promotes pozzolanic reactions resulting
in the formation of (N)-C-S-H, sodium and calcium rich silica gel and carbonates. In fact, Ca** cations can
react with sodium silicate to produce C-S-H thanks to the cation exchange (substitution of sodium with
calcium) and sodium silicate crystallises only once that water is evaporated [66,67], as occurs under air-
curing condition. Avila-Lopez et al. [68] and Ortega-Zavala et al. [31] reported similar results attributing the
formation of C-S-H to the reaction between Ca®* ions and silica from waterglass. Indeed, air cured specimens
show a more intense band around 950-970 cm', representative of a higher amount of C-S-H. Considering the
area of the deconvoluted components and, in particular, the ratio between the area around 1000 cm™ and 960
cm’, an increase of the ratio was obtained for air, humid and water cured samples (2.45, 3.08 and 4.90,
respectively) (Figure 13). Moreover, the area of the peak around 1060-1080 cm™ is higher for humid and
water cured samples than for air cured materials meaning the precipitation of a higher amount of calcium-
free silica gel for humid and water curing conditions. Considering peak position, C-S-H of air cured samples
has a higher degree of polymerisation because the corresponding peak is shifted toward higher wavenumbers
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respect to humid and water cured samples [63,69]. A further confirmation of the higher degree of

polymerisation is the presence of a peak at 670 cm™, representative of the Si-O-Si bending and a broad signal

of the Si-O-Si symmetric stretching vibration appears at 785 cm™ [70,71].
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Figure 12: FT-IR of CS-GPy and detail of the 450-1250 ¢cm™' range

18



AIR HUMID
1016
o Aio16/Ave7 = 2.45 A993/Agso =3.08
o o
=) o
< =)
£ 2
Qo —
2] ]
e} |72]
< <
e e ==
a) b)
1200 1150 1100 1050 1000 950 900 1200 1150 1100 1050 1000 950 900

Wavenumber (cm™)

Wavenumber (cm™!)

WATER
A1002/Avgsz = 4.90
Y
51
5
2
2
©
<
9)
1200 1150 1100 1050 1000 950 900

Wavenumber (cm™!)

Figure 13: Deconvolution of the Si-O vibrations band for CS-GPo compositions exposed at different curing conditions: a) air; b)
humid and c) water

FT-IR of CS-GP,5 and CS-GPs g are reported in Figure 14 and Figure 15, respectively. Spectra are similar to
that of CS-GPy, the only difference is the shift toward higher wavenumbers of the peak corresponding to Si-

O vibrations, representative of a further increase of the degree of polymerisation thanks to the presence of

glass powder.
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3.5 XPS

Figure 16 shows the high-resolution XPS O(1s) spectra of the starting powders, namely soda-lime glass
(Figure 16a) and carbonatic sludge (Figure 16b). Soda-lime glass O(1s) spectrum presents three peaks at
530.35, 532.20 and 536.52 eV corresponding to non-bridging oxygen (NBO), bonded bridging oxygen (BO)
and Na-KLL Auger peak, respectively [54,72]. Oxygen atoms of the first group (i.e. NBO) are covalently
bonded to one SiO4 tetrahedron and ionically bonded to one alkali (i.e. sodium) or alkaline earth (i.e.
calcium) while BO are covalently bonded oxygen atoms that connect two SiOj tetrahedra. The deconvolution
of CS powder XPS O(1s) spectrum shows two peaks. In particular, the first one (labelled Oy) at 531.51 eV

corresponds to the oxygen atoms of the O-Ca bonds while the second one (Or) at 532.69 eV is representative

of the C-O oxygen atoms [53].
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Figure 16: XPS O(1s) spectra of (a) soda-lime glass and (b) carbonatic sludge (dotted lines show the fitting results)

O(1s) spectra of CS-GPy mixtures cured for 28 days under the different conditions are shown in Figure 17
and several differences in spectra shape and intensity can be recognised. Spectra can be deconvoluted in four
peaks moving from lower to higher binding energies, corresponding to NBO (Si-O-Ca or Si-O-Na), BO (Si-
0O-Si), silanol groups (Si-OH) and Na KLL Auger peak, respectively [73-75]. CS-GPo-A spectrum (Figure
17a) has the highest intensity and the main contribution is due to NBO peak (531.33 eV) while CS-GPy-H
and CS-GPy-W (Figure 17b and c, respectively) are shifted toward higher binding energies due to an increase
of the contribution of the silanol groups located at 533.28 and 533.24 eV, respectively. Moreover, as reported

by Black et al. [73,76], the difference between BO and NBO binding energies (Aso-nBo) 1S representative of
21



the degree of polymerisation: lower the difference, higher the degree of polymerisation. In our work, the
lowest values of Ago-nso were calculated for air cured samples. These results confirm FT-IR analysis of a

more condensed gel network with stronger Si-O-Ca(Na) bonds for air cured samples. O(1s) spectra of

samples containing glass powder show the same trend and no meaningful variations are observed.
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Figure 17: XPS O(1s) spectra of (a) CS-GPo-A, (b) CS-GPo-H and (c) CS-GPo-W (dotted lines show the fitting results)

3.6 Mechanical properties

Flexural and compressive strength of alkali-activated CS after 14 and 28 days of curing are reported in
Figure 18 and Figure 19, respectively. Air-cured samples show higher mechanical properties compared to the
humid and water cured specimens. In fact, in agreement with FT-IR and XPS results, both C-S-H formation
and increase of the polymerisation degree of Si-O-Si bonds lead to higher mechanical properties.
Considering flexural strength, no meaningful differences between 14 and 28 days of curing for humid and
water cured samples can be observed. On the contrary, flexural strength of air-cured samples considerably
increases between 14 and 28 days, particularly for glass containing samples (Figure 18). Regarding
compressive strength, curing conditions also strongly influence the results. Air-cured samples always show
higher compressive strength than humid and water cured samples. In addition, curing time was effective only
in CS-GP¢-A, showing a certain increase in compressive strength from 14 to 28 days (Figure 19). For
samples cured under humid and water conditions, no strength increase with increasing time was observed. In

particular, compressive strengths at 28 days of CS-GPy-A, CS-GPs-A and CS-GPs-A are 38, 42 and 45
22



MPa, respectively. As regard as glass powder addition, a pozzolanic activity of glass particles is supposed.

Such activity depends on several parameters, and particularly on NaOH concentration and particle size [48-

52,77-80]. In our study, very fine glass particles (Table 2) and high alkaline solution (pH = 12.7) are used,

thus promoting glass particles dissolution. Therefore, glass addition leads to a compressive strength increase,

compared to the reference sample, of 9 and 17 %, for 2.5 and 5.0 vol%, respectively. Glass addition strongly

influences the compressive strength also for the other two curing conditions. In particular, after 28 days of

curing, an increase of compressive strength of about 30% and 60% was measured for humid and water cured

samples, respectively. Moreover, in the case of water cured samples, the strong influence of glass addition

suggests an increase of the hydraulicity of the mixture, and it is also responsible of the durability

improvement. As a matter of fact, glass containing mixtures well withstand after water immersion and no

cracks are observed on their surface.
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Figure 18: Flexural strength of alkali-activated carbonatic sludge after curing in different conditions for a) 14 days and
b) 28 days (GP2.5 and GPs.o means 2.5 and 5.0 vol% of glass powder)
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Figure 19: Compressive strength of alkali-activated carbonatic sludge after curing in different conditions for a) 14 days and

3.7 Microstructure and EDS analysis

b) 28 days (GP25 and GPso means 2.5 and 5.0 vol% of glass powder)

FE-SEM pictures of polished surfaces (magnification 1,000 x) of alkali-activated carbonatic sludge after 28

days of curing in different conditions are reported in Figure 20. Regardless the curing environment,

numerous pores due to entrapped air during samples casting and compaction are clearly visible. In the case

of air and humid cured samples, bulk matrix is homogenous and highly dense. However, near the pores a less

dense structure is visible probably due to the water and/or water vapour contained in the pores. Such

phenomenon is more pronounced in humid cured samples (Figure 20b) than in air cured ones (Figure 20a)
while in water cured samples the matrix is characterized by a diffuse microporosity (Figure 20c) due to the

dissolution of some compounds in water during curing. For humid-cured samples, the high pH of the pore

solution avoid the progressive polymerization of C-S-H because dissolves the forming matrix near the pores

(Figure 20b and Figure 21b), leading to lower mechanical properties. Figure 21 reports the FE-SEM images

of the pores content for the different curing conditions. It is clear that air cured samples present a thicker gel

phase (Figure 21a) compared to the other two curing environments. These results confirm the hypothesis that

air curing allows the increase of the polymerisation degree thanks to a lower relative humidity that

strengthens the matrix and confers higher mechanical properties.
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Figure 20: FE-SEM micrographs on polished surfaces (magnification 1,000 %) of alkali-activated carbonatic sludge after curing in
different conditions: a) CS-GPo-A, b) CS-GPo-H and c¢) CS-GPo-W

Figure 21: FE-SEM micrographs of the pores content (magnification 50,000 x) of alkali-activated carbonatic sludge after curing in
different conditions: a) CS-GPo-A, b) CS-GPo-H and c¢) CS-GPo-W

Considering water cured samples, the formation of a white gel was observed both on samples surfaces and in
the water of curing. To determine the composition of such gel, samples were oven dried at 60°C for two days
before XRD analysis. The gel presents a broad amorphous halo, that could correspond to the silica dissolved
in water, and some crystalline phases: trona (sodium hydrogen carbonate hydrate, Na;H(CO3),(H20),
JCPDS card n°29-1447), sodium carbonate hydrate (thermonatrite, Na,COs3-H,O, JCPDS card n°08-0448),
sodium calcium silicate (NasCaSi3Oq, JCPDS card n°24-1069) and calcium silicate (Ca3SiOs, JCPDS card
n°17-0445). The formation of such compounds is coherent to what previously discussed at the beginning of
this paragraph concerning the presence of voids due to matrix removal (Figure 20c). Moreover, comparing
EDS analysis of CS-GPo-A, CS-GPy-H and CS-GP¢-W it is evident the reduction of the atomic percentage
both of silicon and sodium due to their leaching in water during curing. Indeed, Ca/Si and Si/Na atomic ratio

are 7.30 and 0.73, 7.47 and 1.06, 11.90 and 2.27, for CS-GP¢-A, CS-GPy-H and CS-GPy-W, respectively.

To investigate element dispersion and distribution, EDS maps were obtained on polished surfaces of alkali-
activated CS. As example, EDS maps of CS-GP¢-A and CS-GPs-A are reported in Figure 22 and Figure 23,
respectively. The matrix is clearly mainly composed of calcium and silicon with a lesser extent of

magnesium. In particular, calcium is present in all the investigated area in both samples but some calcium
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carbonate agglomerates are still recognisable as black spots in the silicon maps. Moreover, also some
dolomite particles are still recognisable in both samples thanks to the presence of greener spots in the
magnesium map. The presence of glass particles is evident in Figure 23 where bigger green spots are clearly
visible in the silicon maps. These results confirm the formation of a calcium-silicon matrix, containing

sodium and magnesium ions.
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Figure 22: EDS map of CS-GPo-A
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Figure 23: EDS map of CS-GPs0-A
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4. Conclusions

In this paper, for the first time, alkali-activated pastes were prepared using marble sludge and waste glass
powder. In particular, the influence of two glass volume percentages (2.5 and 5.0 vol%) and curing
conditions (dry, humid and water immersed) were investigated. The dissolution of Ca*" from calcium
carbonate and its reaction with Na and Si from the activating solution to form (N)-C-S-H gel was
demonstrated on the ground of several characterizations techniques and confirmed by the very high
compressive strength (about 45 MPa) obtained for air-cured samples. Calcite dissolution and conversion in
Ca(OH); thanks to the high pH of the activating solution promote pozzolanic reactions with the silica
presents in the waterglass forming (N)-C-S-H, sodium and calcium rich silica gel and carbonates. Such
compounds were initially formed in all the formulations thanks to the first day of curing in controlled
conditions (i.e. 60°C and humid environment). However, after the first day, humid and water curing delay or
hinder polymerisation and condensation reactions, mainly due to dissolution of specific compounds in water.
Indeed, air cured samples reported the formation of a more condensed gel and a higher degree of
polymerisation, as assessed by FT-IR and XPS analysis and confirmed by FE-SEM/EDX investigations.
Therefore, air curing was the most favourable curing condition for mechanical properties development
(compressive strengths ranging between 38 and 45 MPa after 28 days of curing were measured). Glass
powder addition can provide further silica able to react with Ca(OH), improving mechanical properties
thanks to pozzolanic reactions. Moreover, glass powder was effective in reducing drying shrinkage for air
cured samples particularly for mixtures containing 5.0 vol% (- 70% compared to the reference sample).
Finally, glass powder addition improved durability properties avoiding cracking phenomena after water

immersion thanks to the higher amount of reaction products.
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Figure captions

Figure 1: XRD patterns of: a) carbonatic sludge (CS); b) glass powder (GP)

Figure 2: Particle size distribution of carbonatic sludge (CS) and glass powder (GP)

Figure 3: SEM micrographs of: a) carbonatic sludge powder (1,000x and 100,000x) and b) glass powder (1,000 and 10,000x)

Figure 4: Length variation of alkali-activated carbonatic sludge specimens: a) air-cured, b) humid cured and c) water immersed

Figure 5: Length variation of the air-cured specimens after 2, 6 and 12 days for the different glass volume fractions

Figure 6: XRD pattern of the alkali-activated carbonatic sludge after curing in different conditions (0 = Dolomite; ® = Calcite;

+ = Thermonatrite)

Figure 7: TGA-DTA in air of dried carbonatic sludge

Figure 8: TGA-DTA in air of the alkali-activated carbonatic sludge after curing in different conditions

Figure 9: DTG of (a) CS-GPo-A and (b) CS-GP¢-H in the range 50-250 °C

Figure 10:
Figure 11:
Figure 12:

Figure 13:

FT-IR of CS and detail of the 650-950 cm™! range
FT-IR of glass powder and detail of the 425-1625 ¢cm™' range
FT-IR of CS-GPy and detail of the 450-1250 cm™! range

Deconvolution of the Si-O vibrations band for CS-GPo compositions exposed at different curing conditions: a) air; b) humid

and c) water

Figure 14:
Figure 15:
Figure 16:
Figure 17:

Figure 18:

Figure 19:

Figure 20:

Figure 21:

Figure 22:

Figure 23:

FT-IR of CS-GP2:5 and detail of the 450-1250 cm! range

FT-IR of CS-GPs, and detail of the 450-1250 cm! range

XPS O(1s) spectra of (a) soda-lime glass and (b) carbonatic sludge (dotted lines show the fitting results)
XPS O(1s) spectra of (a) CS-GPo-A, (b) CS-GPo-H and (c) CS-GPo-W (dotted lines show the fitting results)

Flexural strength of alkali-activated carbonatic sludge after curing in different conditions for a) 14 days and b) 28 days
(GP25 and GPso means 2.5 and 5.0 vol% of glass powder)

Compressive strength of alkali-activated carbonatic sludge after curing in different conditions for a) 14 days and b) 28 days
(GP25 and GPso means 2.5 and 5.0 vol% of glass powder)

FE-SEM pictures on polished surfaces (magnification 1,000x) of alkali-activated carbonatic sludge after curing in different
conditions: a) CS-GPo-A, b) CS-GPo-H and c) CS-GPo-W

FE-SEM pictures of the pores content (magnification 50,000%) of alkali-activated carbonatic sludge after curing in different
conditions: a) CS-GP¢-A, b) CS-GPo-H and c¢) CS-GPo-W

EDS map of CS-GPo-A

EDS map of CS-GPs.0-A
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Tables

Table 1: XRF of the carbonatic sludge (CS) and glass powder (GP)
Table 2: Particle sizes at 10% (di0), 50% (dso) and 90% (d9o) of the cumulative distribution for CS and GP powders

Table 3: Nomenclature, composition and curing conditions (H = humid, A = air and W = water) of the alkali-activated materials

34



