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Alkali-activated binders (AAB) are inorganic materials produced by a mixture between a solid
precursor and an alkaline activator, wherein, the reaction results in a material with properties similar to
Portland cement hydration. The advantages of AAB over Portland cement are the possibility of using
alternative materials, demanding low energy and low CO, emission. The primary objective of this study
was to produce an alkali-activated binder (AAB) using calcined wood waste ash (CWWA) as a solid
precursor due to its beneficial properties. CW WA was obtained by burning wood wastes in a furnace,
then calcined in a laboratory oven at 600 °C to remove unburned particles. Afterward, the ash was milled
and then physiochemically characterized by chemical composition, X-ray diffraction (XRD), particle
size distribution, and scanning electron microscopy (SEM). The milled CWWA was employed in AAB
mortars and pastes activated with sodium hydroxide (NaOH) to assess the influence of alkaline activator
concentration. In this work, the Na* concentrations varied in the 6.5-12.5 mol.kg™! range. Mortars were
assessed by compressive strength, whereas pastes were analyzed by X-ray diffraction (XRD), Fourier
transform infrared spectroscopy (FTIR), and scanning electron microscopy/energy-dispersive X-ray
spectroscopy (SEM/EDS) for samples cured after 7 days at 60 °C. Results showed that the CWWA is
mainly composed of SiO, (67.9 wt%) and the presence of an amorphous phase and quartz as the main
crystalline phase (XRD). The compressive strength of mortars showed that the CWWA activated with a
Na“ concentration of 6.5 ml.kg!' achieved the highest compressive strength (23.2 + 1 MPa). Microstructural
studies of pastes showed the formation of sodium carbonate (XRD) and reaction products (FTIR) in a
dense microstructure (SEM/EDS). Hence, the key findings suggest that employing CWWA as a solid
precursor offers a viable choice for producing a more sustainable AAB.
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1. Introduction

Materials used in Portland cement (PC) manufacture to
produce cementitious concrete demand high exploration of
clays and limestone. In addition, cement manufacture shows
high CO, emissions, and high energy for the calcination
of raw materials, which consists of of burning limestone
(calcium oxide, CaO) and clays (Al O,, Fe,0,, Si,0,) for
clinker production'. This study shows an alternative solution
for the use of PC: alkali-activated binders (AAB). AAB is
a material with an inorganic composition, composed of
two sources: a solid precursor and an alkaline activator®*.
AAB shows cement-like properties, and when combined
solid precursor with an alkaline activator in the presence
of water, the reaction results in a material with hardened
property showing high compressive strength. Solid precursors
are materials composed mainly of aluminosilicates, which
can be separated at low-calcium content and high-calcium
content. An alkaline activator is a material mainly composed
of an alkaline metal that promotes the increase of pH when
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dissolved in water. New materials are being researched to
increase the environmental advantages of AAB®’. In this
context, this study presents the wood waste ash.

In Brazil, wood waste is mostly used as a biomass
resource for energy production by the calcination of these
wastes. Only in 2020, Brazil produced energy by burning
over 110 million m? of wood residues after burning wood
residues®. However, a high number of ashes is left without
a proper destination: the wood waste ash. Wood waste ash
is mainly obtained by the combustion of wood wastes,
and it has been used as a partial replacement for Portland
cement as pozzolanic material, which is such a significant
resource to decrease cement bulk consumption and decrease
its greenhouse gases and other pollutants of Portland cement
production’. However, there are few studies of wood waste ash
as a solid precursor in AAB!'*!! and these studies present this
waste combined with other solid precursors. In this context,
this study aims to assess the potential of wood waste ash
with extra calcination in the laboratory to remove unburned
particles from the former burnt process as the only solid
precursor in AAB activated with sodium hydroxide. The
main advantages of this study are technical and scientific:
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in the former advantage, a proper destination for the waste can
be achieved; and, regarding the latter advantage, the study can
be utilized as a reference to materials with similar properties.

2. Materials and Methods

2.1. Materials

The calcined wood waste ash (CWWA) used in this study
as the solid precursor to produce alkali-activated binders
(AAB) was provided by Arevale company (Pindamonhangaba,
Sao Paulo, Brazil). The wood wastes were origin from pallets
and sawmill wastes based in eucalyptus trees. These wastes
were burnt at 800 °C in a vertical shaft kiln to produce
renewable electric energy to generate the former wood
waste ash. As this ash shows high unburned material, it was
recalcined in the laboratory to remove the residual organic
matter to generate the calcined wood waste ash, and improve
the physical and mechanical properties of AAB due to the lower
organic matter content. The alkaline solution was produced
with sodium hydroxide (NaOH) as an alkaline activator and
filtered water; sodium hydroxide was a commercial brand
of caustic soda (Bradoc) with 95% purity. Filtered water
was generated from the laboratory of Instituto Tecnoldgico
de Aeronautica. Fine aggregate was siliceous sand with a
specific mass of 2.4 g/cm’ and the fineness modulus was 2.5.

2.2. Methods

The study was divided into four steps: 1. CWWA
preparation and characterization; 2. Production and curing
of mortars and pastes; 3. Mechanical properties of mortars;
and 4. Microstructural studies of pastes.

Step 1 was carried out by taking wood waste ashes dried
in a laboratory oven at 100 °C for 24 hours to remove all
residual humidity of the sample. Then, the material was
calcined in a laboratory furnace (18 kW, 200 L) to remove
unburned particles at 600 °C. No heating rate was carried
out, as the wood waste ash was added to the furnace at
600 °C. The calcination of wood waste ash was carried out
with a feed of 2 kg for 3 hours to generate CWWA. After
the calcination process, the calcined wood waste ash was
removed from the laboratory furnace and cooled at room
temperature. After the CWWA reached room temperature,
a wet milling process was performed with distilled water for
4 hours. Then, the milled CWWA was analyzed by chemical
composition, XRD, FTIR with particle size distribution, and
SEM/EDS. XRF was carried out by an X-ray fluorescence
spectrometer S8 Tiger 1 kW and software Quant Express.

Table 1. Materials proportions of pastes mortars.
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The LOI test was performed based on ASTM D7348-13
(2013), in a muffle oven with a heating rate of 20 °C.min"!
until 950 °C for 3 hours for three samples of 1.0 g of CWWA.
For XRD analyses, an XRD PANalytical Empyrean equipment
was used, following Bragg Angle 5-70°, Cu-Ka radiation,
step 0.02°, 30 s/step. FTIR analysis was performed by a
Frontier IR/UATR with a wavenumber spectrum range of
550-4000 cm™ and spectral resolution of 1 cm™. Particle
size distribution by laser diffraction analyses was carried
out by a Mastersizer 3000. SEM was performed by a VEGA
3 XMU TESCAN coupled with EDS equipment of Oxford
EDS 133 eV.

With respect to Step 2, mortars and pastes were produced
according to the proportions described in Table 1. The
water/binder and fine aggregate/binder mass ratios were
maintained as constants of 0.50 and 2.0, respectively.
The Na* concentrations assessed were 6.5, 8.0, 9.5, 11.0,
and 12.5 mol.kg'. The production of mortars started with
the preparation of the alkaline solution: NaOH was mixed
with filtered water until attain proper homogenization.
As this mixture releases heat, then the solution was left to
cool down to room temperature. The alkaline solution was
poured into a bowl of mortar blender, and then CWWA
was poured at parts for mixing with the solution. Then, the
siliceous sand was added and mixed until homogenized
the mortar. Mortars were cast in cubic triple samples of
40x40x40 mm?, wrapped with plastic to avoid contact
with CO, of environment air and water removal, and left
to cure in a thermal bath at 60 °C to accelerate the reaction
of the mixtures'>!3. Then, the samples were demolded after
24 hours (first day) and left for more 6 days in a thermal bath,
totalizing 7 days of curing. Pastes’ production followed the
same steps as the mortar’s production, except for the addition
of sand, and the 10 cm?® samples were molded in a plastic
bottle (50 mL). Pastes and mortars were named according
to CWWA calcination temperature and Na* concentration
(600-6.5: CWWA calcined at 600°C and 6.5 mol.kg' of
Na* concentration).

Regarding Step 3, compressive tests were performed with
a universal testing machine with 600 kN and resolution of
0.01 kN, and a load rate of 0.5 kN.s"'. Compressive strength
was assessed with mortars after 7 days of curing at 60 °C
for mortars produced with Na* concentrations of 6.5, 8.0,
9.5, 11.0, and 12.5 mol.kg™.

Finally, in Step 4, microstructural analyses of pastes
were only assessed for samples of 6.5 and 12.5 mol.kg™,
with XRD, FTIR, and SEM/EDS analyses after 7 days

. CWWA (g) H,0 (g) NaOH
Na' concentration (mol.kg™) Sand (g) (only for mortars) =
Mortar Paste Mortar Paste Mortar Paste
6.5 720 360 10 180 5 46.9 1.3
8.0 720 360 10 180 5 57.7 1.6
9.5 720 360 10 180 5 68.5 1.9
11.0 720 360 10 180 5 79.4 22
12.5 720 360 10 180 5 90.2 5
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of curing at 60 °C. The preparation of samples for XRD
and FTIR analyses was hand milling of pastes, mixing it
with acetone for stopping hydration, then it was dried in a
laboratory oven at 60 °C for 30 minutes, and then the powder
samples were sieved in MESH #200 (opening of 75 pum)
sieve. In the case of SEM/EDS samples, fractured samples
of pastes of 1.0x1.0x0.5 ¢cm? were mixed with acetone for
1 hour, and then it was dried in a laboratory oven at 60 °C
for 30 minutes. The tests’ parameters were the same as the
CWWA characterization.

3. Results and Discussions

3.1. CWWA characterization

The characterization of CW WA starts with the chemical
composition of CWWA showed that this material presents a
higher proportion of SiO, 0f 67.9 wt%, followed by CaO of
8.1 wt%. There are also other oxides in minor proportions
of ALO, (3.0 wt%), Fe,0, (5.8 wt%), KO (4.2 wt%),
MgO (0.7 wt%), and other oxides (4.3 wt%). In addition,
the Cl content was 1.2 wt%, and the LOI content was

Table 2. Chemical composition of CWWA-600.

4.7 wt% (Table 2). Other studies also showed results of
the chemical composition of wood waste ashes with higher
proportions of SiO, (67.2 wt%) and CaO (9.9 wt%)".
Particle size distribution showed that CWWA laser deviation
of 1.80, 7.14, and 21.3 xm (Dv(10), Dv(50) and Dv(90)).
Figure 1 presents the XRD pattern of CWWA. The presence
of crystalline phases was quartz (key Q, SiO2, PDF Card
83-2467) and calcite (key C, CaCO3, PDF Card: 72-1650).
In addition, a deviation in the baseline can be observed
that is attributed to the presence of an amorphous phase.
Figure 2 presents the FTIR spectrum of CWWA. The
spectrum shows broadbands centered at 796 and 1047 cm-1
(Si-O-Si and Si-O-Al stretching vibration mode). These
results are in accordance with values described in Table 2,
showing a high content of SiO2. Figure 3 shows the SEM/
EDS images of anhydrous CWWA, there are two types of
particle morphologies observed, one with a flat shape which
is highlighted in spot A, and another with rough and irregular
shape highlighted in spot B, other studies also evidenced
results of rough particles on SEM images of wood waste
residues ash!!. The particle highlighted on spot A is correlated
to a crystalline phase (e.g. quartz).

Oxides (in wt%)
Sample
Sio, CaO Fe O, K,0 AlLO, Cl MgO Others LOI*
CWWA 67.9 8.1 5.8 4.2 3.0 1.2 0.7 43 4.7
*Loss on ignition
Q a Q Q
Q Q ¢ Q Q Q QaQ
CWWA |
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Figure 1. X-ray diffraction patterns of anhydrous CWWA.
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Figure 2. Fourier transform infrared spectroscopy spectra of anhydrous CWWA.
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Figure 3. Scanning electron microscopy of anhydrous CWWA.

3.2. Compressive strength of mortars

The compressive strength of mortars with Na*
concentrations of 6.5, 8.0, 9.5, 11.0, and 12.5 mol.kg™! after
7 days of curing at 60 °C is present in Figure 4. Results show
that the lower Na" concentration (6.5 mol.kg"') showed a
higher compressive strength 0f23.2 + 1 MPa after 7 days of
curing. With respect to the sample with a Na* concentration
of 12.5 mol.kg!, the compressive strength was lower when
compared with other concentrations (10.8 + 1.1 MPa).
This behavior shows that the Na* content interferes on the
mechanical properties of the mortars. Other studies analyzed
the compressive strength of mortars produced with fly ash
and wood ash by testing cube-shaped samples cured at
elevated temperatures of 75 °C, at ages of 1-, 3- and 7-days
curing, reaching an optimum result on the seventh day of
curing, wherein results of compressive strength reached
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42.3 £5.0 MPa'5; and the maximum strengths reached were
41.42, 42.33, 37.86 and 31.39 MPa at 90 days curing for
replacement of 0, 0.5, 1 and 3 wt%, respectively''. Despite
other studies showing higher compressive strength, when
curing at elevated temperatures mortars were produced with
cement and wood ash as part replacement, and curing at
lower temperatures, mortars passed for a longer curing time
(until 90 days). Also, elevated curing temperatures can form
secondary products, reacting in a more porous structure!'.

3.3. Microstructural studies of pastes

Figure 5 presents the XRD pattern of pastes with Na*
concentrations of 6.5 and 12.5 mol.kg ™! after 7 days of curing at
60 °C. Both pastes, Na* concentrations of 6.5 and 12.5 mol.kg™',
showed that the crystalline phase of quartz and calcite from the
CWWA remained in the pastes after the alkali-activated reaction.
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However, a sodium carbonate crystalline phase (key N,
Na,CO,, PDF Card: 86-289) was observed in both pastes
as a newly formed phase. Carbonation can be identified in
some cementitious materials'’. With these conditions, the
increase of sodium in the reaction increases the carbonation
of sodium. Results show an increase in the intensity peaks
of sodium carbonate when increasing the Na“ concentration.
This is an indication that this material presents carbonation
when being in contact with CO, of environment air, and the
increase of NaOH in the alkaline solution results in a higher
content of free Na in the AAB hydration, which further
will result in a higher content of porous sodium carbonate
structure, decreasing the compressive strength of mortars.

24
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Figure 4. Compressive strength of mortars.
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The spot highlighted shows a better visualization of the
amorphous phase of anhydrous CW WA and pastes, whereas
the peaks of sodium carbonate in 6.5 mol.kg"' sample were
not presented in CWWA-600, and a visual increase of sodium
carbonate peaks in 12.5 mol.kg!' sample.

Figure 6 presents the FTIR spectra of pastes with
Na* concentrations of 6.5 and 12.5 mol.kg! after 7 days
of curing at 60 °C. On the other hand, both pastes also
present broadbands in the range of 1400-1500 cm!
(O-C-O stretching vibration mode), and the presence of
broadband in 865 cm™ (C-O band vibration mode). These
results show more intense bands in the range of silicates
and aluminates, also in the ranges showing the presence
of carbonates are correlated to the results of XRD patterns.
Both pastes (6.5 and 12.5 mol.kg") show a shift in broadbands
in the range of 700-800 cm™ (Si-O stretching vibration
mode) and in the range of 1000-1100 cm™ (Si-O-Si and
Si-O-Al stretching vibration mode) compared to the CWWA
(represented by the centered wavenumber value for each
spectrum in Figure 6), which indicates the presence of
hydrated products based in silicon and aluminum'®"?.

SEM/EDS images are presented in Figure 7 for
pastes with Na* concentrations of 6.5 and 12.5 mol.kg"!
after 7 days of curing at 60 °C. The paste with Na*
concentration of 6.5 mol.kg"! (Figure 7) showed the
dense morphology of reaction products of plates piled
up, and a high Si/Na mass ratio of 2.8. On the other hand,

CWWA
600-6.5
600-12.5
5 10 15___20 25 30 35
Bragg’s Angle

.

A ]
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Figure 5. X-ray diffraction patterns of anhydrous CWWA, and pastes 600-6.5 and 600-12.5. The spot highlighted with crystalline phases

of sodium carbonate (N) in pastes.
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the paste with a Na* concentration of 12.5 mol.kg' showed
a high content of porous structure mostly composed of Na,
with a Si/Na mass ratio of 0.6, which indicates the presence
of a crystalline phase of sodium carbonate (Figure 7b).
Increasing Na* concentration will lead to the increasing
development of products; however, will also increase the
formation of porous structures®. Consequently, this porous
structure might interfere negatively with the compressive
strength of mortars, as the porous structure can harm the
compressive strength of samples. The analyses made with
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SEM/EDS images are correlated to the results obtained
with XRD patterns and FTIR spectra, showing that lower
Na* concentrations provide a higher content of hydrated
products based in Si and higher Na* concentration will
provide a higher content of carbonates based on Na, which
might interfere negatively the mechanical properties of
mortars. The increase of Na* concentration leads to the
increase of reaction and formation of hydrated products,
however, also accelerates and increases the formation of
porous structures at the same range®.

CWWA
796
1047
600-6.5
1458
778
1027

600-12.5

77
1000 865

3250 3000 2750 2500 2250 2000

1750 1500 1250 1000 750 500

Wavenumber (cm™)

Figure 6. Fourier transform infrared spectroscopy of anhydrous CWWA, and pastes 600-6.5 and 600-12.5.

>

Figure 7. Scanning electron microscopy images of pastes of microstructural analyses (a) 6.5 mol.kg! samples, (b) 12.5 mol.kg!' samples.
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4. Conclusions

In this study, CWWA could be successfully utilized
as a solid precursor in the production of AAB activated
with sodium hydroxide in the Na* concentrations of 6.5,
8.0, 9.5, 11.0 and 12.5 mol.kg"'. Regarding the CWWA
characterization, the ash was mainly composed of SiO,
(67.9 wt%) and CaO (8.1 wt%), with a LOI content of
4.7 wt%, the main crystalline phases identified for CWWA
were quartz and calcite, and the morphology of the particles
is main composed of two types: one flat and another rough
and irregular shapes. With respect to the mortars, the sample
that achieved the highest compressive strength after 7 days
at 60 °C was the one activated with Na* concentrations of
6.5 mol.kg™!, which achieved a strength value 0f 23.2 + 1 MPa.
Regarding the paste studies, XRD diffractograms showed
a high formation of Na,CO, in the samples activated with
Na* concentrations of 12.5 mol.kg™!, FTIR spectra showed
that the CWWA reacted and formed hydrated products, and
SEM/EDS images showed a formation of a dense reaction
product composed of sodium and silicon, and also a formation
of carbonated structures mainly for the paste with higher
Na* concentrations. Therefore, the promising results from
the study can help to provide a proper destination for the
use of wood waste ashes in civil construction in a more
sustainable AAB.
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