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ABSTRACT

Eucalyptus ash (EA) was used in this study as a high calcium ash (HCA) precursor for alkali-activated
binders. The EA used also has high carbon unburned (High loss on ignition). This type of ash is one of the
waste products from biomass-fuelled thermoelectric plants, and annually thousands of tons are discarded
as a by-product of the energy generation process in Brasil, but it is rich in unburnt carbon which means that
it is challenging to use in cementitious systems. Eucalyptus is a biomass that removes CO, from the
atmosphere by photosynthesis and part of this carbon content remains in the ashes, generating CO» capture
when EA is incorporated in the production of alkali-activated binders. The objective of the present study
was to evaluate the properties of the material obtained by the alkali-activation of the high-calcium high-
carbon biomass ash to generate a cementitious binder, with different pastes proportions of EA and silica
fume (SF), activated by sodium hydroxide. With the different pastes, mortars were produced using
standardized sand. The results obtained from the pastes and mortars were satisfactory in several aspects.
The mechanical results of the alkali-activated mortars were comparable those of Portland cement mortars.
Mortars degraded methylene blue more efficiently in illuminated conditions, even after high adsorption for

24 hours in the dark. The content of leached ions in the remaining solutions met potability standards.
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1. Introduction

Eucalyptus is the most cultivated hardwood in the world. With about 20 million hectares planted in more
than 100 countries throughout six continents, it is the main reforestation wood [1]. In 2016, the 7.84 million
hectares of trees planted in Brazil were responsible for the stock of approximately 1.7 billion tons of carbon
dioxide equivalent (CO; eq) and Brazil has 5.7 million hectares planted with eucalyptus, representing 72.7%
of the area of forest plantations [2]. Among the destinations of reforestation wood and its residues, one
important application avenue is its use as a biomass fuel [3]. In 2016, 47 million cubic meters (~23.5 million
tonnes) of eucalyptus were used as industrial firewood in Brazil, 30.5% of all eucalyptus consumption for
industrial use [2]. Some scenarios present the use of biomass for energy production as an effective way of
capturing and removing CO, from the atmosphere [4]. Especially, the use of forest wood has been identified
as a potentially major source of biomass energy in several studies (up to about 115 EJ.yr ! in 2050) [5]. In

addition, the thermal energy generation cost of fossil fuels is at least 34% higher than eucalyptus woodchip

[6].

The burning of eucalyptus wood as sole fuel in a boiler generates up to 0.5% [7] of calcium rich ash [8].
Several biomass ashes rich in amorphous silica, such as rice husk ash and sugarcane bagasse ash, have been
identified to have great potential as supplementary cementitious materials (SCMs) [9—11]. However, unlike
these ashes, eucalyptus ash has a low percentage of silica [8], so it will not react as a pozzolan in Portland
cement blends; in a recent review of the literature on vegetable ashes as a supplementary cementitious

material, EA was not cited as a major possibility [12].

However, due to its high calcium content, one destination for the EA could be its use as a constituent in the
production of alkali-activated materials, which can be produced from calcium-rich ashes [13—15], even
though the low SiO; content of eucalyptus ashes will require a supplementary source of silica. Alkaline
activation is the generic term applied to the reaction of a solid aluminosilicate (precursor) under alkaline
conditions (induced by the alkaline activator) to produce a hardened binder, which constitutes a

combination of hydrous alkali- or alkali earth-aluminosilicate phases [13].



Alkaline activator influences important properties of alkali-activated materials. Solid alkaline activators for
the production of one-part alkali-activated materials with HCA change the compressive strength, fluidity
and setting time [16]. Studies evaluating mechanical properties, shrinkage, and heat evolution of alkali
activated with HCA identified a false set. However, the shrinkage of concrete tended to decrease with
increasing NaOH concentration and the heat evolution of alkali-activated fly ash concrete was found to be
two times lower than that of concrete made from Ordinary Portland cement at the same compressive
strength [17]. Drying shrinkage, strength and microstructure of alkali-activated high-calcium fly ash using
FGD-gypsum and dolomite as expansive additive was studied and changes in the properties studied were
noticeable [18]. Strength and durability were studied in alkali-activated materials with HCA and waste
marble aggregates, and the mechanical behavior was adequate, but the durability was impaired in some

requirements [19].

HCA was used in alkali-activated repair material for concrete exposed to sulfate environment. HCA in
alkali-activated material improved the compressive strength and provided lower mass losses by immersion
in MgSO, solution compared to low calcium systems [20]. HCA was also evaluated in low cost and
sustainable repair material made from alkali-activated high-calcium fly ash with calcium carbide residue.
This study evaluated the bond strength of the alkali-activated mortar with concrete substrate, setting time
of mortar and strength development. The setting time and strengths complied with the requirement of the
ASTM standards for repair materials and thus indicated its suitable as an alternative repair material in terms

of environmentally friendly and low cost [21].

The HCA in polypropylene (PP) fiber reinforced alkali-activated was evaluated at elevated temperature and
the pastes with HCA and PP had improved mechanical behavior compared to the control with only HCA
[22]. Pavement materials with low strength were studied by alkaline activation of HCA and mixtures with
20% HCA were recommended for pavement applications. [23]. Paving blocks were also produced by alkali-
activation of HCA and met the requirements of standards [24]. Compacted earth blocks produced from the

alkali-activation of iron ore tailings and HCA also showed satisfactory results [25].



Studies with the use of HCA in low carbon materials obtained by alkali-activation have already been
developed. The analysis of low carbon materials with HCA showed the reduction of environmental impact
when compared to Portland cement [26]. A downside of alkali-activated materials based on high unburned
carbon content fly ash is carbonation and corrosion of reinforcement in structural applications [27]. It is
expected that the use of HCA with high unburned carbon content (High loss on ignition) in the production
of alkali-activated materials will trap carbon in the structure of these materials, making them even more

sustainable.

The hydraulically active high calcium coal fly ashes described in the literature [14,15] tend to have around
30% CaO, with the sum of SiO, + Al,Os + Fe>O; exceeding 50% to enable compliance with the historical
provisions of the ASTM C618 Class C specification. However, considering the much lower content of these
major oxides, and the high CaO and unburnt carbon contents of the EA tested here, the present study
evaluates the potential of this high-calcium high-carbon biomass ash to react with an alkaline solution in
the presence of an additional source of reactive silica for the production of a cementitious binder material;
the potential of this binder to promote degradation of organic pollutants was also assessed. The degradation
of organic pollutants was evaluated by evaluating the degradation of methylene blue solution under
conditions without and with UV lamp lighting. The experiments indicated a greater degradation of the
methylene blue dye under UV illumination, even without the use of semiconductor particles, presenting a

phenomenon analogous to photocatalysis.

2. Materials and methods

2.1 Materials

To verify the possibility for the use of EA to produce an alkali-activated binder material, silica fume (SF)
was used. Although SF has limited production in the world [28] and is used in high performance cements
and concretes in relatively low percentages from 5 to 10% [29], it was selected for the present study due to
its high content of silicon oxide and its high reactivity with calcium hydroxide [30,31]. SF was provided
by Tecnosil Industria e Comércio de Materiais de Construcado Ltda; it is obtained from the manufacturing

process of silicon metal or iron silicon in Dow Corning Metais of the Para Industria e Comércio Ltda. Brazil
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is the second largest producer of silicon metal, behind only China. It is also the second largest exporter of
silicon metal and ferrosilicon to the United States [32] The EA was collected on the boiler filter from Nestlé
SA in Brazil. Nestlé buys eucalyptus logs and cut them into chips, which are free from peels and leaves.
The chips are burned in a boiler to generate steam for the milk dehydration process and to generate energy
for the industry. The filter employed does not use water, thus the ash was collected completely dry. The as-
received EA was ground in a high-performance planetary mill at 300 rpm [33], in 500mL containers with
ZrO; and 25 zirconia oxide spheres of 20 mm diameter for 10 min (after time trials of 2, 4, 6, 8, 10, 12 and
20 min, and use of spheres with diameters of 10, 15 and 20 mm), to reduce its particle size. Chemical
composition by XRF, loss on ignition at 1000°C (LOI) [34], particle density, particle size distribution after
grinding, surface area and pore volume of the EA and SF are shown in Table 1. The chemical composition
of the EA was determined by the lithium tetraborate fusion method and quantification in an energy
dispersive X-ray fluorescence spectrometer (XRF) Panalytical Axios Fast. The EA presents predominantly

CaO0 in its chemical composition [8,24], followed by MgO, and has a high loss on ignition [24].

Table 1: Properties of the EA and SF

EA SF
Chemical composition by XRF (wt%)
SiOs 1.76 94.95
ALOs 5.06 0.70
Fe>03 243 0.12
CaO 43.80 0.99
MgO 8.36 -
TiO; 0.53 -
P,0s 3.32 -
Na,O 0.28 -
K>O 4.64 2.84
Loss on ignition (1000 °C) 29.72 0.37
Particle density (g/cm?) 1.98 2.20
Particle size distribution
Dio (pm) 1.86 0.34
Dso (um) 8.97 1.52
D9() (pm) 2435 978
Surface area by Multipoint BET method (m?/g) 13.84 8.55
Micropore volume (cm’/g) 6.106x107 4.268x107




Through the visual analysis of EA presented in Figure 1 (a), it is possible to observe powdery particles of
a light grey colour, which indicates a low amount of unburned organic matter in relation to the rest of the
sample; while the elongated particles in dark grey colour indicate the presence of carbon fibres with high
carbon content due to incomplete combustion. In Figure 1 (b) it can be observed that after the comminution

process, the EA appears more uniform in both colour and particle size.

(a) (b)

50 mm

Fig. 1: (a) EA as-received (b) ground EA

To evaluate the EA morphology, it was imaged using a Hitachi TM 3000 scanning electron microscope
(SEM) under low vacuum conditions with backscattered electron detectors (BSE) and acceleration voltages
of 5 and 15 kV [35]. For analysis by energy dispersive spectroscopy (EDS), a Shimadzu SEM and EDS
analyser with 30 mA filament current, 25 kV voltage and gold-coated samples were used. Figure 2 shows
three images obtained by SEM analysis of the EA. Particle (a) presented a spherical shape, and Ca, K, Cl,
O, C and Mg were detected by EDS. Particle (b) is possibly a fibre that did not completely burn during the
process in the boiler of the thermoelectric, and its composition in terms of detected chemical elements was
71% C balanced by O, K, Ca and Mg. Particle (c) is a grain of non-regular geometry and an apparently
rough surface, with Ca, O and Mg. The SF presented a typical spherical structure as identified in the

literature.



Fig. 2: SEM images of EA as received

The high loss on ignition may be due to the incomplete combustion of eucalyptus fibres as shown in Fig 2
(b), as well as dehydroxylation and decarbonation to form CaO and MgO phases. An important aspect is
that although the SF is finer than the EA by particle size analysis, the EA presented a larger BET surface
area. This is likely due to the EA presenting a rougher lamellar surface and high-surface area porous
unburned carbonaceous matter, which corroborates the results of pore volume analysis. The small particle
size and high surface area of the EA can lead to high reactivity, even with a relatively crystalline structure
[36]. Based on the contents of calcium and silicon in the EA and SF, the 60EA40SF, S0EAS5S0OSF and

40EAG60SF pastes presented Ca/Si ratios of approximately 0.70, 0.45 and 0.30, respectively.

Figure 3 shows the diffractograms of the EA and SF, it is possible to identify crystalline peaks of calcite -
CaCO:s, Crystallography Open Database (COD) 4502441 [37]; lime - CaO (COD 7200686) [38]; periclase
- MgO (COD 9006806) [39]; sylvite — KCI (COD 9003115) [40]; and portlandite - Ca(OH). (COD

1529752) [41]. The XRD analysis also indicated traces of moissanite 3C — SiC (COD 1010995) [42] and
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silicon — Si (COD 4507226) [43] in the SF. The presence of portlandite was not expected at EA, as it is an

ash obtained by burning eucalyptus in a boiler, filtered, collected and stored dry in a closed container.

However, due to the high reactivity of lime (CaO), it is believed that during the handling of EA in the

laboratory, part of the lime reacted with the humidity of the air causing the formation of portlandite.
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Fig. 3: XRD of (a) EA and (b) SF



Figure 4 shows the curves obtained in thermal analysis of EA. It is believed that mass losses up to 400°C
occur due to dehydration and decarbonation of calcium oxalates, depolymerization of the partially-
combusted hemi-cellulose and lignin residues in unburnt wood fibres within the EA [44—47]. Between 400
and 450 °C it represents the decomposition temperature of portlandite - Ca(OH), [48—50]. From 600 to

800°C the decomposition of the carbonate CaCOjs leads to the formation of CaO and CO» [51,52].
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Fig. 4: TGA and DTG of the EA

2.2 Methods

The hardened pastes were ground to below 45 um and immersed in isopropanol for 15 min. Afterwards,
the samples were dried at 40°C. The crystalline phases in the ash and resultant binders were identified
through X-ray diffraction using a D2 Phaser (Bruker), with a copper X-ray tube operated at 30.0 kV and
10.0 mA and Ni-filter, set to 0.018° 20 sweep per step, from 8 to 70° at 1.0 s/step. For the Rietveld
refinements, the program Topas version 5.0 was used. The PONKCS method was used in combination with
the internal standard method to obtain a quantification of calcium silica hydrate (C-S-H) and the degree of
reaction of SF. A phase model for SF was created using 50/50% mixture with a griceite standard (LiF/SF),

a Pawley fit within the lattice parameters a = 1 nm; ¢ = 70 nm, and the space group P4 [53,54]. The phase
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constant “ZMV” was determined by the internal standard method as in [53]. The procedure outlined by
Bergold et al. [55] was used for calibrating the C-S-H phase and determining its phase constant, applying
the Pawley fit model within the lattice parameters of a 14 A tobermorite [56]. The Chebyshev polynomial

of 2" order combined with a 1/260 term was used to fit the background intensity.

A Shimadzu DTA-60H thermal analyser with 5°C/min heating rate and 1200°C maximum temperature was
used for the differential thermal analysis (DTA) and the thermogravimetric analysis (TGA), operated with
nitrogen gas at 50 mL/min. Particle size distribution was determined using a CILAS 1090 Laser Particle
Size Analyser apparatus, with particle dispersion by ultrasound for 240 seconds and 15% obscuration. The
surface area of the samples was determined by N> sorption on a Quantachrome Nova 2200 with 9 mm bulb,

after heat treatment at 100°C for 60 minutes of degassing.

Pastes containing different proportions of EA, SF and sodium hydroxide solution were prepared with an
activation solution-to-solids mass ratio (a/s) of 0.5 (Table 2). The sodium hydroxide solutions were
employed at concentrations of 5, 10 and 15 mol/L. Pastes were cast into non-sealed steel moulds and cured
at 24°C with air humidity between 50-60%.The pastes were characterised by scanning electron microscopy,
X-ray diffraction, surface area, porosimetry and compressive strength at 28 days. Compressive strength by

testing five replicate cylindrical specimens of 25 mm diameter and 50 mm height.

To perform the SEM images of the folders, two types of equipment were used. The samples were sawn to
obtain cubic fragments with 10mm edges. The fragments were embedded in acrylic resin and after
embedding, the pieces were sanded and polished. The samples were analyzed in scanning electron
microscopy (SEM) model Hitachi TM-3000 under a low vacuum with a backscattered electron detector and
electron acceleration voltage of 15 kV. These images were performed to obtain images with high resolution
and with grayscale color differentiation for different phases. To obtain the chemical composition of the
different phases, the embedded, sanded and polished samples underwent a surface metallization process
with gold-coated. The metalized samples were analyzed using a TESCAN VEGA3 scanning electron

microscope (SEM) under high vacuum-operated at 15kV and equipped with an Oxford EDS system.
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Table 2: Paste mix designs

Solution concentration

Sample ID EA (%) SF (%) NaOH (mol/L)
60EA40SF OM 60 40 0
50EAS5OSF OM 50 50 0
40EA60SF OM 40 60 0
60EA40SF 5M 60 40 5
50EASOSF 5M 50 50 5
40EAG60SF 5M 40 60 5
60EA40SF 10M 60 40 10
50EAS50SF 10M 50 50 10
40EA60SF 10M 40 60 10
60EA40SF 15M 60 40 15
50EAS5OSF 15M 50 50 15
40EAG60SF 15M 40 60 15

With the same paste mix designs shown in Table 2, mortars were also produced, with a 1:3 dry mass ratio
between the binder (EA+SF) and sand. The mortars were dosed with a high-range water reducing agent
(plasticiser), MC POWERFLOW 1180 (MC - Bauchemie Brasil Inddstria e Comércio Ltda), to yield similar
workability and consistency for the various mixes, controlled by empirical observation. For the 60EA40SF
mortars, a plasticiser/binder factor of 0.012 + 0.001 was used; while for the SOEASOSF and 40EA60SF
mortars, ratios of 0.016 £ 0.001 and 0.018 + 0.001 were used respectively. Mortars were cast into non-

sealed steel moulds and cured at 24°C with air humidity between 50-60%.

The mortars were categorised in terms of apparent density, porosity and water absorption by immersion
according to NBR 9778 [57], and compressive strength by testing five replicate cylindrical specimens of
25 mm diameter and 50 mm height at the ages of 3, 7, 28 and 154 days. The loading speed of the testing
machine, while transmitting the compression load to the paste and mortar specimens, was 0.25 + 0.05 MPa/s
[58,59]. The end surface preparation of compressive strength test specimens was an unbonded system using
neoprene pads in metal retainer rings [60]. Specimens with noticeable expansion after curing, had the excess

parts beyond the mould dimensions removed by sawing.

A property of some interest for new binders would be the ability to degrade organics, either to remove
organic dyes from wastewater or even to produce self-cleaning facades [61]. Methylene blue (MB) was
used as a model compound to evaluate the potential for organic pollutant degradation [62]. Cylindrical

mortar specimens of 25 mm diameter and 50 mm height were immerged in 150 mL of distilled water
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containing 20 mg/L MB, without agitation. The mean mass of the specimens was 35.2 + 3.0 g. The MB
degradation was evaluated under two lighting conditions for the same specimens, with the first 24 hours of
degradation in a darkroom (no light); at the end of this first cycle the MB solution was replaced by a new
solution of the same initial concentration, and the specimens placed for a further 24 hours in a chamber
with 390x600x400 mm internal dimensions and two G15T8 UV-C 15 W lamps operated at 55 V, with
450mm length and 254 nm UV-C emission and UV power equal to 49 uW/cm? at 1 m. In order to eliminate
the effect of MB's natural degradation under UV, a control solution was carried out that was not put in

contact with the specimens.

A 5 mL solution aliquot was collected at the beginning of the test and then at 2, 4, 8 and 24 hours of each
cycle, and light absorbance measurements were performed from 250 to 850 nm in a Lambda 1050 UV/Vis
Spectrophotometer. The calibration curve was constructed with 1.25, 2.50, 5.00, 10.00 and 20.00 mg/L
concentrations, and the 664 nm peak was used for quantification. The dye degradation tests were performed
using samples that had been cured for 240 days, so that the main alkali-activation reactions were already
finished and would not influence the degradation measurements. This option was chosen so that precursors
and activators that could react over time would not be leached before reactions took place. After the
degradation tests in the dark and illuminated phases, samples of the solutions of all the mortars were
collected. Nitric acid (HNO3) was added to the solutions until their pH was below 2, refrigerated at 5 °C
until the time of testing, and these solutions were analysed by inductively coupled plasma atomic emission
spectrometry (ICP OES) and inductively coupled plasma mass spectrometry (ICP-MS). After this cycle of

degradation analysis of MB, the entire procedure was performed once more with the same test specimens.

3. Results and discussion

3.1 Characterization of pastes and mortars

The X-ray diffraction analysis of hardened pastes, Figure 5, revealed periclase (COD 1000053) and quartz
(COD 9012600) in all hardened pastes. Periclase content ranged from 0.79% to 3.27% and quartz content

ranged from 0.14% to 0.91%. Lime and hydrous Mg-rich phases were not identified; while the former was
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hydrated to form C-S-H, periclase did not undergo significant hydration to form the brucite or other
identifiable reaction products. The OM-pastes and SM-pastes presented calcite (COD 9009668); whereas in
10M and 15M-pastes, due to higher sodium content, the carbonate present was consumed by the sodium-
rich pore fluid to form pirssonite Na,Ca(CO3)*2H,0 (COD 9009889) and thermonatrite Na,CO3*H,O (COD
9011153) [63—-65]. Quantitative phase analysis obtained through the PONKCS method is exhibited in
Figure 6. As expected, C-S-H was the main hydration product of the alkali activated blends [66]; thereby,
increasing the activator molarity above 5SM resulted in significantly higher C-S-H content, and it decreased
the occurrence of unreacted SF. In addition, the consumption of carbonates to form thermonatrite and
pirssonite is evident as the activator molarity is increased to 10M and 15M. Pirssonite content increases
from 10M to 15M, while thermonatrite is formed only under 15M conditions. Polymorphs of calcium
carbonate were found in OM-pastes; all of which presented traces of aragonite (COD 9016147) related to
the carbonation of amorphous C-S-H [67], while only 40EACAG60SF OM showed traces of vaterite (COD

9007475).
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14



100

90 —

80

__70-

°\° J

5 604

5 l

a— 50

c

3 40

5: I

30 H

20 +

10

Ol T T T T T T T T 1 T T
QQ‘LQ‘(‘LQQ«Q««
FFFFSFS e eee e
F FJFTFT T T IT ITFT I I &
S L 9 S K 9 YV Y Y Y ¥ v
& ¥ &P FSsSs

Pastes

7 CSH Y Unreacted SF P33 Periclase

Quartz CalciteI

] Vaterite Pirssonite [ll4] Thermonatrite

Fig. 6: Development of the absolute phase content in hydrating mixtures of EA and SF

Figure 7 shows photographs of the cylindrical specimens of SM and 15M pastes. It is possible to observe
that the specimens made with the 15M solution (d-e-f) presented visible expansions. It is believed that the
larger expansions resulted in the cracks observed by SEM in Figure 8 (g) to (k). Although the group of
specimens from the SM and 15M pastes presented the same SiO»/Al,O; ratio for the same EA/SF ratios,
the increase in the concentration of NaOH in the alkaline activator provided foam formation in a similar
way to that detailed by [68]. Whereas with higher SiO,/Al,Os ratio, foaming process are predominant; in
the 15M pastes, the 40EA60SF paste (with the highest amount of SiOs, ie higher Si0,/Al,Os ratio) was the
one that presented the greatest expansions. To cylindrical specimens of 15M pastes, a high sodium content
in the mixtures results in carbonation reactions with the environment, which can generate efflorescence due

to carbonated products on the surface of the samples [69].

15



Mortars made with the respective pastes also showed perceptible expansions, although to smaller extents,
mainly due to the lower binder content as a proportion of the total mass of the specimens, and also to the

relief of stress and absorption of deformations by the paste-aggregate interface.

@) (b) (c) (d) (e) ()
Fig. 7: Images of paste specimens, of original dimensions 25 mm diameter and 50 mm height.

(a) 60EA40SF 5M; (b) SOEAS50SF 5M; (c) 40EA60SF 5M; (d) 60EA40SF 15M; (e) SOEAS0SF 15M and (f) 40EA60SF 15M

Figure 8 shows the images obtained by SEM analysis of the pastes. In Figure 8§ (a) there are several spots
similar to point 1, which appears to be calcium carbonate [70-72] and the rhombohedral shape (Point 3)
would indicate the polymorph is calcite [72]. Point 5 shows unreacted SF spheres. Points 2 and 4 are mainly
C-S-H, and calcium aluminosilicate hydrate (C-A-S-H) with a smaller content [73—75]. Point 6 shows
unreacted EA sphere. In Figure 8 (b), area 7 is similar to point 2 in Figure 7 (a), point 8 is similar to point
3, and point 9 is similar to point 1. Point 10 is likely to be unreacted SF spheres. In Figure 8 (c), it can be
appreciated how points 11, 12, and 13 are similar to points 1, 3 and 2 respectively. Points 14, 15 and 16 are
likely to be unreacted SF spheres In Figure 8 (d) point 17 is calcite, similarly to point 1. It is possible to
observe unreacted SF spheres in point 19, similar to points 5 and 15, as well as the region 18 composed of
calcium silicate hydrate, identical to points 7 and 13. In Figure 8 (e) some angular (Point 21) and spherical
structures (Point 22) can be observed; these are typical of calcium carbonate and unreacted SF respectively.
C-S-H can also be observed in point 20. Figure 8 (f) shows calcium carbonate (point 23) similar to points
1,9, 11 and 17. Fully hydrated C-S-H (Region 24) can be seen in the rest of the image. In Figure 8 (g) to

(1) a relatively more porous structure is observed (points 25, 28, 30, 32 and 34), when compared to images
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(a) to (f), with the presence of cracks (26, 27, 29, 31, 33 and 35). Figure 8 (1) illustrates a gel structure (36),
which could be the cause of expansions, especially if this a gel of hygroscopic nature, which could have
been formed by alkali-silica reaction [76]. Structures of crystals (Point 37) and foam can be seen in Figure
8 (m) and (n). In Fig. 9 four images are shown with the EDX of some phases. It is possible to notice that
Figures 9 (c) and (d) (compared to Figures 9 (a) and (b)) have the surface becomes smoother and more
homogeneous caused by the higher degree of reaction caused by the increase in NaOH concentration [77],

which leads to greater strengths [78].
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(a) 60EA40SF OM; (b) SOEA50SF 0M; (c) 40EA60SF OM; (d) 60EA40SF 5M; (e) SOEASOSF 5M; (f) 40EA60SF 5M;
(g) 60EA40SF 10M; (h) SOEA50SF 10M; (i) 40EAGOSF 10M; (j) 60EA40SF 15M; (k) SOEASOSF 15M, (1) 40EA60SF 15M;
(m) 60EA40SF 15M and (n) 40EA60SF 15M
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Fig. 9: SEM images of pastes with EDS.
(a) 60EA40SF 0M; (b) 40EA60SF OM; (c) 60EA40SF OM; (d) 40EA60SF 0M;

Figure 10 shows physical and mechanical properties of the hardened pastes. It can be observed that the
pastes with lowest pore volume were those prepared using the alkaline activator solution at 15 mol/L,
independent of the EA and SF proportions. From the point of view of durability, it will be interesting if this
reduction in the pore volume has occurred, as it would reduce the exposure to deleterious agents and
therefore provide a longer service life. However, when correlating: (i) the occurrence of macroscopic
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expansion after moulding, (ii) the decrease in peak intensity for the crystalline phase in the diffractograms
of the pastes with higher concentrations of sodium hydroxide solution, (iii) the presence of fissures
visualised by scanning electron microscopy, and (iv) the presence of apparently non-crystalline structures
visualised by SEM; it is understood that the 15M concentration was responsible for the formation of
expansive constituents; which are capable of reducing porosity by filling pores in the range evaluated, while

causing significant expansion.

As for the mechanical behaviour, in general, a gain of strength can be identified with the use of sodium
hydroxide solution at 5 mol/LL when compared to the OM mixes that did not use an alkaline activator
solution. The higher compressive strength in SM pastes was concomitant with the increase of amorphous
phase C-S-H. However, higher NaOH concentrations (10 and 15 M) did not result in further formation of
C-S-H despite a higher SF ‘consumption’, which could be related to decalcification of C-S-H and formation
of hydrated layers on the surface of partially reacted SF particles [79]. For the 10M and 15M samples, the
low strength is probably due to the excess of alkaline ion, which makes it difficult for Si and Ca ions to
condensate to form the gels. An increase in the Na/Si ratio is correlated with a decrease in the amount of
silica, while a lower Na/Si ratio is achieved with a higher amount of silica and lower amounts of NaOH. It
is known that an increase in the alkalinity of the paste can affect the polymerization process. The
incorporation of silica in these pastes is low, making it difficult to form gels that provide strength to the

material [69,80,81].
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Fig. 10: Physical and mechanical properties of pastes at 28 days

Compressive strength (MPa)

Table 3 shows physical properties of the mortar specimens. As anticipated, the physical properties of mortar

specimens were consistent with properties of the pastes. In general, the pastes that presented larger pore

volumes led to mortars with higher porosity and water absorption. The results of physical properties of the

mortars are consistent with results of other alkali-activated materials and Portland cement mortars.

Comparing with alkali-activated pastes with high carbon ash, the results obtained for porosity are equivalent

or lower, water absorption are lower and apparent density are equivalent. [33]. For alkali-activated mortars

in general, the porosity, water absorption and bulk density values are equivalent [82,83]. Comparing with

Portland cement mortars with supplementary cementitious material insertion, the porosity and water

absorption results are equivalent [58,84].

Table 3: Physical properties of mortars

Proportion Porosity (%) Water absorption (%) Apparent density (g/cm?)
60EA40SF OM 21.9 9.9 2.22
50EAS50SF OM 224 10.0 2.23
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40EA60SF OM 224 10.5 2.12

60EA40SF 5M 17.8 7.3 2.44
50EA50SF 5M 18.5 7.8 2.37
40EA60SF 5SM 20.1 9.2 2.19
60EA40SF 10M 17.6 7.8 2.24
S0EA50SF 10M 15.9 7.3 2.17
40EA60SF 10M 16.3 7.4 221
60EA40SF 15M 13.8 6.5 2.13
S0EA50SF 15M 18.5 8.6 2.17
40EAG60SF 15M 15.8 7.0 2.27

Figure 11 presents the compressive strength results of mortar specimens. All mixes with 5 mol/L sodium
hydroxide solution yielded mortars that obtained a compressive strength above 55 MPa at 28 days. Mortars
50EASOSF 10M and 40EAG60SF 10M may be added to this group, while 60EA40SF 10M mortar presented
considerably lower compressive strength. The mortars produced with the 15 mol/L solutions resulted in the
lowest values of compressive strength. Mortars produced with the 0 mol/L solutions displayed compressive
strengths close to 30 MPa at 28 days. The mortars exhibited a compressive strength at 154 days slightly
higher than that at 28 days, except for 40EA60SF OM mortar, which experienced a decrease in strength at

this more advanced age.
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Fig. 11: Compressive strengths of mortars

The alkali-activated materials produced with SM and 10M reached compressive strength greater than 34

MPa at 7 days, strength required as a requirement of high initial strength Portland cement [85]. The
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compressive strength values obtained for the alkali-activated materials produced with SM and 10M are
higher than those stipulated in the international standard ASTM C1157 for various types of cement,

including hydraulic cement for construction (28 MPa) and high sulfate resistance cement (25 MPa) [86].

Comparing the results of compressive strength of pastes and mortars with the same proportions of EA and
SF, it can be seen that the results of compressive strength of mortars are substantially superior to the results
obtained by the pastes. Compressive strength test results for specimens with the same geometry, Portland
cement mortars show 32% higher results than pastes [87]. Compressive behaviours of cement-based
materials are sensitive to strain rate [88]. In high strain rate loading, concrete specimens failed with
comparatively less violence than cement paste and mortar, however, for a static compressive stress—strain
curve of specimens, Portland cement mortars and concrete showed 35% higher compressive strength than
pastes [88]. It is noticed that the pastes of alkali-activated material are resistant, but with extremely fragile
ruptures. Because of this, it is believed that the insertion of fine aggregate in the pastes for the production
of mortars provides an internal stress relief mechanism for alkali-activated material with EA, leading to

higher compressive strengths.

3.2 Potential for degradation of methylene blue from mortars

Figure 12 shows the absorbance curves of methylene blue (MB) solutions collected after 24 hours in (a)
dark and (b) UV-illuminated conditions, for the first test cycle. It is possible to observe a variation of the
absorbance intensity at wavelengths of 292 nm and 664 nm as a function of the exposure of the solution to
different mortars. The degradation of MB was monitored by measuring the decrease in absorbance of the
peak at 664 nm [61,62,89]. The intensity of the absorption at the 664 nm peak decreased significantly with
an increased content of alkaline activator, especially in relation to the step involving UV light; as such, it
is believed that the solution was further discoloured due to a similar photocatalytic effect. Figure 13 shows
the absorbance curves of the MB solutions collected after 24 hours in (a) dark and (b) UV-illuminated
conditions in the second cycle. It is possible to observe that although the specimens were submitted to the
test a second time, their MB-degradation potential increased. This indicates that the degradation is not

simply induced by leaching or wash-out of alkalis from the pore fluid of the samples, which would be
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expected to be much greater in the first than the second cycle, and therefore supports the discussion of a

genuine catalytic effect in the MB degradation.

For the occurrence of photocatalytic effects semiconductor particles are necessary. Among the main
semiconductor particles are: nano titanium dioxide photocatalyst, nano zinc oxide photocatalyst and ABOs
type perovskite photocatalyst. Alkali-activated materials are perfect carrier of photocatalyst because of its
unique 3D network structure [90]. StTiOs is a typical structural diagram of ABO3. In the structure of ABOs,
A site is alkali metal (IA group), alkaline earth metal (IIA group), and rare earth metal (IIIB group),
respectively, while B site is transition metal. NaTaOs is another kind of typical ABO; perovskite, which
has been considered as an efficient UV catalyst [90]. Despite having different structures and configurations
from SrTiOs; and NaTaOs, the question that arises is whether pyrssonite (Na,Ca(CO3)*2H,O) and
thermonathrite (NaxCO3*H>0) can present photocatalytic effects. Because they are phases present only in
samples with better performance of organic dye degradation under UV lighting. Another important point
to be highlighted is that the efficiency of the dye degradation is related to the combination of UV in the
presence of SiO; [91]. In addition, pure SiO», in this case silica fume has a high percentage of SiO,, is
highly beneficial for photocatalytic improvement [92]. The fact that silica fume is smaller than 1 micron in
size, for the high molarities 10M and 15M, many micro or nano particles of silica were free in the system
and on the surface. Then, these nanoparticles are present as a point of photocatalysis and degradation of

MB.
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Fig. 12: (a) Absorbance curves in dark condition in the first cycle.

(b) Absorbance curves in illuminated condition in the first cycle.
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(b) Absorbance curves in illuminated condition in the second cycle.

Figure 14 shows the relationship between the concentrations of the MB solutions in contact with the mortar
specimens, as a function of time (C) and initial concentration (C,). In Figure 14 (a) it is possible to observe
that the solutions with the mortar specimens displayed significant reductions of C/C, in the dark conditions,
especially with respect to mortars produced with sodium hydroxide. However, in Fig. 14 (b) it is possible
to observe that the solutions with the mortar specimens showed higher decontamination in illuminated
conditions, even after the specimens had already undergone 24 hours of adsorption in the dark. It should be

highlighted that the initial MB concentrations in both dark and illuminated phases were the same. The
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results obtained by the evaluation of the concentration of MB solutions collected after 4 hours of exposure
to mortars can be seen. In the first four hours of exposure, MB removal quantities varying from 5.1 to
35.4% could be measured in the mortars subjected to dark conditions (without lighting). Contrary to
expectations, mortars that presented greater water absorption by immersion, and pastes with higher pore

volume and surface area, were not the ones responsible for the removal of higher levels of MB.

In the first four hours of exposure of the MB solution to the mortars in the illuminated condition (with UV
light), removal of the MB quantities varying from 7.4 to 77.4% could be measured. With the exception of
mortars 60EA40SF OM and 40EAG60SF OM, all others presented larger reductions in the illuminated
condition. By evaluating Figure 14, it is apparent that even after saturation in the MB solution for 24 hours
under dark conditions (Fig 14a), the mortars in new solutions increased the speed and amount of MB
removal during the UV-illuminated stage (Fig 14b), an indication that the UV light has fuelled the
phenomenon of mortars 5, 10 and 15M, which removed up to 97% of the polluting dye (mortar 60EA40SF

10M).

For the second cycle of exposure of the mortars to the solutions, there was a further reduction of methylene
blue concentrations, and it was possible to observe the removal of up to 86% for the dark condition and

92% for the illuminated condition (Fig 15).
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Fig. 15: Methylene blue concentration reduction by exposure to the mortars. (a) Dark condition in the
second cycle. (b) Illuminated condition in the second cycle.

Tables 4 and 5 show the values leached of Al, Ca, Fe, Mg, K, and Na, in the methylene blue solutions after
the first and second degradation cycles, respectively. The leached aluminum was below the limit of 0.2
mg/l [93-95], the leached iron was below the limit of 0.3 mg/l [93-95] and the sodium leached was above
200 mg/1 [93,94] mainly for the proportions with 10 and 15M, which presented thermonatrite, a highly
water-soluble sodium carbonate; it is worth noting that these limits are for assessing the quality of drinking

water in Canada [93], and World Health Organization limits [95], or tap water in England and Wales [94].
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Iron is one of the most abundant metals in Earth’s crust. It is found in natural fresh waters at levels ranging
from 0.5 to 50 mg/l [95]. The taste threshold concentration of sodium in water depends on the associated
anion and the temperature of the solution [95]. At room temperature, the average taste threshold for sodium
is about 200 mg/1 [95]. No health-based guideline value has been derived, as the contribution from drinking-
water to daily intake is small [95]. Potassium is an essential element in humans and is rarely, if ever, found

in drinking-water at levels that could be a concern for healthy humans [95].

Table 4: Results of the solution analysis after the first cycle.

Condition Solution of the mortar [All [Cal [Fe] [Me] K] [Na]
(mg/1 or ppm)
Control (without mortar) <0.05 0.85 <0.10 <0.25 0.43 5.61
60EA40SF OM 0.07 4.70 <0.10 1.51 52.3 10.1
50EA50SF OM <0.05 6.24 0.14 1.09 334 8.21
40EA60SF OM <0.05 3.49 <0.10 0.63 17.5 6.99
60EA40SF 5M <0.05 1.23 <0.10 0.32 69.1 154
50EAS50OSF 5M <0.05 9.84 <0.10 <0.25 38.6 148
Dark 40EAG60SF 5M <0.05 2.63 <0.10 <0.25 31.5 149
60EA40SF 10M <0.05 5.64 <0.10 0.27 101 251
50EAS50SF 10M <0.05 14.5 <0.10 0.36 83.2 261
40EA60SF 10M <0.05 10.7 <0.10 <0.25 453 193
60EA40SF 15M <0.05 3.49 <0.10 0.29 206 407
50EASO0SF 15M <0.05 15.7 0.17 <0.25 125 364
40EA60SF 15M <0.05 22.3 <0.10 0.35 160 455
Control (without mortar) <0.05 <0.25 <0.10 <0.25 0.36 5.61
60EA40SF OM <0.05 9.38 <0.10 4.27 142 17.0
50EA50SF OM <0.05 4.16 <0.10 1.59 35.7 7.65
40EA60SF OM <0.05 2.59 <0.10 0.71 5.34 5.94
60EA40SF 5M <0.05 1.40 <0.10 1.01 61.0 114
50EA50SF 5M <0.05 5.48 <0.10 0.86 9.70 55.7
Illuminated 40EAG60SF 5M <0.05 6.22 <0.10 0.63 7.86 47.6
60EA40SF 10M <0.05 3.24 <0.10 0.71 84.0 201
50EAS50SF 10M <0.05 5.55 <0.10 0.76 49.3 167
40EA60SF 10M <0.05 6.24 <0.10 0.36 26.8 160
60EA40SF 15M <0.05 2.38 0.14 0.63 129 294
50EAS5S0SF 15M <0.05 6.25 <0.10 0.54 71.2 249
40EA60SF 15M <0.05 13.6 <0.10 0.38 88.1 330
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Table 5: Results of the solution analysis after the second cycle.

Condition Solution of the mortar [Al] [Cal [Fe] Mgl [K] [Na]
mg/L

Control (without mortar) <0.05 0.38 <0.10 <0.25 <0.25 4.43

60EA40SF OM <0.05 2.55 <0.10 <0.25 16.7 6.11

50EAS0SF OM <0.05 2.48 <0.10 <0.25 15.9 7.27

40EA60SF OM <0.05 2.56 <0.10 <0.25 8.03 6.32

60EA40SF 5SM <0.05 0.88 <0.10 <0.25 21.3 65.4

50EAS50OSF 5SM <0.05 0.76 <0.10 <0.25 14.3 69.6

Dark 40EA60SF 5SM <0.05 0.78 <0.10 <0.25 17.0 98.6

60EA40SF 10M <0.05 0.87 <0.10 <0.25 26.1 116

50EAS5O0SF 10M <0.05 1.16 <0.10 <0.25 18.1 103

40EA60SF 10M <0.05 1.07 <0.10 <0.25 19.4 152

60EA40SF 15M <0.05 1.40 <0.10 <0.25 32.0 215

50EAS5S0SF 15M <0.05 0.97 <0.10 <0.25 41.3 358

40EAG60SF 15M <0.05 3.29 <0.10 <0.25 44.0 444

Control (without mortar) <0.05 <0.25 <0.10 <0.25 <0.25 4.44

60EA40SF OM <0.05 3.17 <0.10 <0.25 17.2 6.42

50EA50SF OM <0.05 2.86 <0.10 <0.25 13.4 7.12

40EA60SF OM <0.05 2.15 <0.10 <0.25 5.34 4.85

60EA40SF 5M <0.05 1.17 <0.10 <0.25 14.3 344

50EASOSF 5M <0.05 1.00 <0.10 <0.25 8.40 32.7

Illuminated 40EA60SF 5SM <0.05 0.64 <0.10 <0.25 7.61 35.3

60EA40SF 10M <0.05 0.85 <0.10 <0.25 14.6 54.8

50EAS0SF 10M <0.05 0.88 <0.10 <0.25 11.2 55.3

40EA60SF 10M <0.05 1.25 <0.10 0.26 14.5 99.3

60EA40SF 15M <0.05 1.66 <0.10 0.26 20.6 124

50EAS5S0SF 15M <0.05 1.09 <0.10 <0.25 32.7 280

40EA60SF 15M <0.05 2.10 <0.10 <0.25 34.1 342

Four aspects must be highlighted:

@

(i)

(iii)

unlike other works found in the literature [89,96-98], in this work, agitation of the solution was

not performed, thus reducing the speed of consumption of the dye;

the experiments were performed with mortars produced with sand that has low adsorption and
is inert for the particle size used, so that only 25% of the mass of the specimen was constituted
of paste with capacity to act in the phenomena described. Commonly, the works of the literature

use pastes (without sand) instead of mortars;

also, different from the literature [96,98,99], this work evaluated the consumption of MB in

two conditions, leading to higher dye consumption when the percentages of the dark and light
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phases are added together. Some works in the literature perform these sequential steps without

replacement of solution when transitioning from dark to UV stage;

@iv) evaluation of the mortars was performed at an advanced age (240 days), once stabilisation of
the main reactions had occurred, however, this is usually performed at less advanced ages (28

days).

4. Application feasibility and clean production

The results reflect the behavior of an alkali-activated material with potential application as mortars. The
levels of mechanical strength of the mortars produced are compatible or superior to the mortars produced
to evaluate the compressive strength of commercial Portland cement. The mechanical tests at the age of
154 days demonstrated the maintenance of the compressive strength of the mortars at advanced ages. This

fact may be a good indication of the durability of the materials developed.

The results of porosity, water absorption, and apparent density were close to the results presented by alkali-
activated mortars and Portland cement mortars. In these aspects, the produced alkali-activated mortars can
have the same applications as usual Portland cement mortars, including structural applications, repair and
as projected mortars. In addition, in the mortars with activator with a molarity of 15M, visually, an
expressive expansion was noticed. This may indicate use as an expansive mortar. The high degradation
potential of methylene blue presented by the produced alkali-activated mortars indicates the application as

a wastewater depolluting material.

In addition to being used as a wastewater depollution material, the mortars produced use two by-products
from other industrial processes. Currently, EA has no known commercial application and no economic
value added. EA has a high content of unburned carbon in its composition and its insertion can generate

carbon trapping in the alkali-activated matrix.

It is believed that this work was able to introduce alkali-activation as one of the means of assigning value
to these materials. In addition, the application of materials produced in high specification activities such as

water decontamination, and possibly as self-cleaning surfaces, may prove to be of great economic interest
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in a world scenario that increasingly invests in clean technologies, and that seeks to maintain the

sustainability of production processes.

The price of Portland cement in the Americas in 2020 was US$132/tonne [100]. Worldwide, the price of
SF is US$150-800/tonne. However, in Brazil in December 2021, the active silica price was US$ 140/tonne.
And in India, the price of SF is 67% of the price of Portland cement [101]. Considering that the mortars
produced in this work had a maximum of 60% of the binder constituted by SF, and that EA still does not
have added value, for noble applications it is believed to be viable the production of alkali-activated

materials with SF and EA, even with the cost of activator.

In addition to the environmental and economic point of view, the present work contributes to the literature
on the alkali-activation of high calcium systems. Since research in this field is still modest when compared
to metakaolin or slag systems, the presentation of new results can encourage discussion and engagement of

other researchers in this field.

5. Summary and conclusion

From the present work, it can be concluded that the EA produced by the burning of the eucalyptus chips in
boilers for the production of steam and electric energy, presents higher levels of calcium content than many
other biomass ashes found in the literature. In addition, the EA used here has a fine particle size and high
specific surface area when milled, but a significant loss on ignition. The pastes produced with EA and SF
presented C-S-H and C-A-S-H, with reduced intensity of peaks detected in the diffractograms when higher
amounts of alkaline activator are added. Thus, EA and SF are reactive enough to form C-S-H and C-A-S-
H without the need for alkaline activation; nonetheless, alkaline activation yielded greater formation of C-
S-H in all pastes. The alkaline activation of pastes with 15M solution was shown to be expansive. The SM
pastes and mortars exhibited the best levels of compressive strength, corroborating the formation of C-S-H
and C-A-S-H along with the absence of the expansion which was caused by hygroscopic gel formation in
pastes activated with higher molarities. Alkaline activated mortars presented lower water absorption than

mortars without activation. The mortars demonstrated the ability to decontaminate synthetic effluents based
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on the high consumption of MB dye in both dark and UV-illuminated conditions; the consumption being

significantly higher in illuminated conditions.
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