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ABSTRACT

The main objective of this investigation is to study the effect of the substitution of metakaolin (MK) (from cal-
cined industrial kaolin) by four different calcined natural Southern Spain clays traditionally used in the brick and
tile sector, as well as by the biomass bottom ash residue (BBA) from the combustion of a mix of olive and pine
pruning on the synthesis of geopolymer with physical, mechanical and thermal properties comparable to those of
classic construction materials. As alkaline activator, a 8 M solution of sodium hydroxide and sodium silicate have
been used. Raw materials, metakaolin; Spanish clays: black clay (BC), yellow clay (YC), white clay (WC), red clay
(RC) and BBA were characterized by chemical analysis (XRF), mineralogical analysis (XRD), and particle size
analysis. Control geopolymers containing only metakaolin, and batch of geopolymers were formulated contain-
ing equal proportions of metakaolin, BBA and each of the four types of clay. After the curing period, at 60 °C for 1
day geopolymers were demolded and stored 27 days at room temperature. Geopolymers were characterized us-
ing Scanning Electron Microscopy coupled with Energy Dispersive Spectroscopy (SEM-EDS), XRD and Attenu-
ated Total Reflectance- Fourier Transform Infrared Spectroscopy (ATR-FTIR). Their physical, mechanical and
thermal properties have also been studied. The addition of BBA and different types of calcined clays to
metakaolin gives rise to geopolymers with higher mechanical properties increasing the compressive strength of
the control geopolymer containing only MK (24.9 MPa) by more than 50% for the GMK-BBA-WC geopolymers
(38.5 MPa). The clays act as fillers and/or promote the precipitation of calcium-rich phases (Ca)-A-S-H-G gel that
coexists with the (Na)-A-S-H gel type. The relevant results of physical, mechanical and thermal properties ob-
tained in this research demonstrate the potential of Spanish clays and BBA as binders and substitutes for
metakaolin.

1. Introduction

ments, besides being more eco-efficient materials, due to their low envi-
ronmental impact. Geopolymerization is a chemical reaction between a

The development of alternative cementitious products to Portland aluminosilicate source and an alkaline activator, such as caustic alkalis

cement (PC), through processes that involve lower emissions of pollut-
ing gases into the atmosphere and with an appreciable energy improve-
ment, is a priority line of research worldwide. The cement industry has
developed alternative cementitious materials, such as cement additives
and alkaline activated cements or geopolymers. In cement-based mate-
rials it has been possible to reduce the amount of clinker, through its
partial replacement by chemically active additions such as pozzolans
and industrial by-products (metallurgical slags and coal ash) [1]. The
geopolymers or alkali activated cements are the most promising ce-

or alkaline salts. Thus, in order to carry out the development of these
new materials, a strongly alkaline dissolution is required, such as
sodium or potassium hydroxides and sodium or potassium silicates,
which raise the pH of the medium. The reactive materials of the alumi-
nosilicate type dissolve in an alkaline medium and form oligomers,
Si(OH)4. and Al(OH),4. and hydroxylated compounds during the poly-
condensation reaction. The tetrahedral units are alternately joined to
form an amorphous network that constitutes the geopolymers [2,3].
The alkaline activated materials or geopolymers are considered the ma-
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terials of the future due to their low environmental impact by consider-
ably reducing CO, emissions and presenting low energy consumption
and high performance relative to the consumption of raw materials [4].
Consequently, one of the strategies to fight climate change is the pro-
duction of materials with less environmental impact. This fact can con-
tribute to a more sustainable and eco-efficient future “revolution” in the
sector of building materials (cement, concrete and ceramics) with struc-
tural capacity.

Spain is one of the countries with large deposits of clays. Spanish
clays until now have been mainly used in the traditional ceramic indus-
try [5,6]. However, currently Spanish clays are being used in more in-
novative applications such as pozzolanic material [7], material for the
retention of two widely used non-ionic fungicides, metalaxyl and flu-
dioxonil [8], use in CO, capture processes [9], and pelotherapy [10].
An application of interest, scarcely studied, is the use of Spanish clays
as a source of aluminosilicate for the synthesis of alkaline activated ma-
terials or geopolymers. Its use as a source of aluminosilicates can be a
profitable potential application reducing the cost of raw materials In
most of the studies the clays were calcined at different temperatures
and times [11-15]. The calcination process transforms the non-reactive
crystalline phases into reactive amorphous phases. Often the fresh
geopolymers prepared with these calcined clays are cured at elevated
temperatures since a thermal treatment can that lead to an improve-
ment of the strength of the geopolymers [16,17].

On the other hand, in order to reduce CO, emissions, the Interna-
tional Energy. Agency indicates that the current trend is to increase the
use of renewable energy as substitutes for fossil fuel energy. According
to the European Directive 2009/28/EC [18], the amount of renewable
energy consumed in the coming years should be increased. This has
caused the number of renewable energy plants in Spain to increase. An-
dalusia region is the first one in the ranking of the sector of electricity
generation using biomass, with 17 installations totaling 273.98 MW,
due to the significant potential of olive cultivation and associated in-
dustries. In recent years, the energy generated from energy crops, such
as pines, poplars and especially eucalyptus, has grown significantly
[19].

The generation of energy from the combustion of biomass generates
as wastes biomass fly ash (BFA) and biomass bottom ash (BBA). Both
residues are formed by unburned particles in the combustion process.
BFAs have been more widely used as fertilizer in agriculture [20]. How-
ever, both BFA and BBA are suitable for soil application as well as for
incorporation on road or cementitious materials [21-23]. Although the
use of BFA has been extensively investigated, studies on the use of BBA
have been minors. BBAs are normally deposited in landfills. Despite the
high production of BBA in Spain, 43,200 t/year [24], most of them
have no application and are deposited in landfills. BBA meet the re-
quirement of geopolymer binder, with a considerable amount of silica
and alumina. The effect of BBA on the properties of metakaolin
geopolymers was studied [25]. However, no studies have been con-
ducted in which metakaolin has been partially replaced by different
Spanish calcined clays and biomass bottom ash. Therefore, the study of
the properties of geopolymers containing metakaolin, BBA and differ-
ent types of Spanish calcined clays, will provide significant data on the
influence of the type of clay and the incorporation of BBA on the physi-
cal, mechanical and thermal behavior of geopolymers. The knowledge
of the properties of the new geopolymers that incorporate BBA and cal-
cined clays will allow define new ways of applying BBA waste; and the
raw materials available in the area, will allow a sustainable use of by-
products and natural resources in the construction sector to go towards
a circular economy. This is the main aim of the present study.
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2. Materials and methods
2.1. Raw materials and characterization of raw materials

The raw materials used as a source of aluminosilicates in the pro-
duction of geopolymers were: metakaolin (MK), four different Spanish
clays and biomass bottom ashes (BBA). The metakaolin was obtained by
calcination at 750 °C for 4 h of the kaolin supplied by the company Cao-
bar S.A. located in Guadalajara (Spain). Clays have been extracted from
quarries located in the province of Jaén (Spain) and they have been
supplied by Arcillas Bailén (Jaén, Spain). Black, yellow and red clays
are used as raw material in the production of bricks and ceramic tiles,
while white clays are used for ornamentation. These raw materials are
dark gray marls (black clay, BC), yellowish loamy clays with some in-
tercalations of silt and sand (yellow clay, YC), light gray clayey loam
(white clay, WC) [26] and clays belonging to the Red Layers of Tabular
Coverage (red clay, RC) [26]. Therefore, the clays used in this research
have been coded according to their colour (B = black; Y = yellow;
W = white; R = red). The clays were crushed and ground to produce a
powder with a particle size suitable to pass through a 150 pm sieve. The
clays were activated by calcination at 750 °C for 4 h. Thermogravimet-
ric -thermodifferential analysis (TGA-DTA) of kaolin and clays was used
to determine the temperature and time of the heat treatment [27,28]
(Fig. 1). At 550 °C, dehydroxylation of kaolinite takes place with the
formation of metakaolinite [27] (Fig. 1a). The behavior of the four
Spanish clays is similar. The dehydroxylation of the silicates present in
the clays takes place between 400 and 600 °C and the decomposition of
carbonates between 700 and 740 °C (Fig. 1b—e). Therefore, a tempera-
ture of 750 °C was selected according to previous results [25,29-31].
Biomass bottom ashes (BBA) were supplied by the plant Aldebardn En-
ergia located in Andujar (Jaén, Spain). This industry generates renew-
able energy from biomass from olive tree pruning, forest biomass and
energy crops. The ashes were conditioned by grinding and sieving until
a particle size of less than 150 pm was obtained.

The particle size distribution of the raw materials was analyzed us-
ing the Malvern Mastersizer 2000LF Particle Size Analyzer (Malvern In-
struments Ltd). The particle size distribution of the calcined clays (MK,
YC, BC, WC, RC) and the biomass bottom ash (BBA) is shown in Fig. 2.
The average particle size (Dso) of the four clays ranges from 25.2 to
39.9 um for RC and BC, respectively. The average particle size of bot-
tom ash is 52.6 pm upper to metakaolin being the finest with
Dso = 9.6 pm.

The main fraction of calcined clays is made up of silt-size particles
(2-63 pm), while BBA are mainly made up of sand-sized particles
(63-2000 pm) (Table 1).

An AccuPyc II 1340 pycnometer with helium was used to measure
the true density of the raw materials. The true density for MK is
2630 kg/m3. Calcined clays are denser, with true densities of 2721,
2722, 2781 and 2789 kg/m?3 for RC, YC, WC and BC, respectively. Bio-
mass bottom ash is slightly lighter wih a true density of 2546 kg/m3.

The chemical composition of the raw materials used as a source of
aluminosilicates has been determined by the X-ray fluorescence (XRF)
technique using a Philips Magix Pro model PW-2440 X-ray fluorescence
equipment. MK is mainly composed of SiO, (58.03 wt %) and Al,O3
(40.29 wt %). Calcined clays and BBA have a high content of SiO,, pre-
senting high amounts of Al,03 but less than MK (Table 2). They also
present considerable amounts of other elements such as CaO (WC, YC,
BC and BBA), Fe;03 (RC), MgO and K,0. Due to the high calcium con-
tent of calcined clays (WC, YC and BC) and BBA, it is expected that in
the geopolymers prepared using these raw materials, together with
geopolymeric gel, calcium silicate gel (CSH) will form within the hydra-
tion products [15].

The crystalline phases present in the raw materials and the geopoly-
mers were evaluated by X-ray diffraction (XRD) using an Empyrean
equipment with a PIXcel-3D detector from PANalytical. Cu Ko radiation
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Fig. 1. TGA-TDA of raw materials:(a) caolin; (b) raw yellow clay; (c) raw red clay; (d) raw white clay and (e) raw black clay.

(A = 1.5406 /0\) has been used at 40 kV and 40 mA, in a 2 0 range from
10 to 60° and a step size of 0.02°. The percentage of amorphous phase of
the raw materials and of the geopolymers after 28 days of curing was
determined with the Ohlberg method [32]. Silicon dioxide (Carlo Erba
RPE, Cas 14808-60-7) was used as a standard to characterize the amor-
phous phase. The HighScore software (versién 4.7, Malvern PaNalyti-
cal) was used to identify the phases and perform the semi-quantitative
analysis. Fig. 3a shows the XRD pattern of kaolin after the 750 °C firing
process. Quartz is observed as the main crystalline phase, not showing
the diffraction peaks of kaolinite. This fact indicates that kaolin is trans-
formed in metakaolin accompanied by a hump in the 26 region between
20 and 30° associated to the presence of an amorphous phase [33]
(Table 3).

After the heat treatment at 750 °C, Table 3 and Fig. 3b show the
mineralogy of the raw materials. The BC, RC and YC calcined clays
show quartz and illite as main crystalline mineralogical species. The RC
also shows to a lesser extent muscovite and the YC and the BC the
feldspar orthoclase. The WC has quartz and orthoclase as main crys-

talline phases. The percentage of amorophous materials from XRD mea-
surements indicated that MK is higher (90%) with variable contents in
the range 27.4-57.5 for the calcined clays (Table 3).

The diffraction pattern of BBA (Table 3, Fig. 3c) indicates that the
waste is mainly composed of silica, and to a lesser extent by calcium
carbonate, also presenting some aluminosilicates and lime in lower pro-
portion.

2.2. Geopolymers preparation and characterization

An alkaline activator solution with silica modulus (R = SiO,/Na50)
of 0.73 was prepared by dissolving sodium silicate solution in an 8 M
solution of sodium hydroxide. Sodium hydroxide (NaOH) has been used
in pellets with a purity of 98%. An 8 M solution of sodium hydroxide
has been used. Sodium silicate has a density of 1365 kg/m? and a com-
position of: H,O (61.9 wt %), SiO; (29.2 wt %) and Na,O (8.9 wt %).
Both reagents have been provided by the company Panreac S.A.The ac-
tivating solution has a pH of 13.3.
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Table 1
Particle size distribution of calcined clays (MK, BC, WC, YC, RC) and BBA.).
Particle size (pm) MK (%) BBA (%) YC (%) RC (%) WC (%) BC (%)
Clay (< 2) 8.13 15.25 4.64 7.69 4.50 2.92
Silt (2-63) 78.98 33.25 57.82 59.06 55.72 54.58
Sand (63-2000) 12.89 51.51 37.53 33.25 39.76 42.50

Table 2

Chemical composition of raw materials, metakaolin (MK), biomass bottom
ash (BBA) and the calcined clays: black clay (BC), white clay (WC), yellow
clay (YC) and red clay (RC).

Compound MK BBA RC YC BC wC
Si0, 58.03 46.10 55.70 48.08 51.82 48.49
Al,03 40.29 12.04 21.19 12.77 14.90 12.76
Fe,03 0.42 4.78 8.05 4.69 4.95 4.75
MnO 0.01 0.09 0.09 0.06 0.02 0.06
MgO 0.11 3.71 2.94 3.16 2.01 3.16
Cao 0.09 19.65 3.01 23.60 13.68 23.78
Na,0 0.02 0.78 0.37 0.41 0.80 0.41
KO 0.39 4.59 5.77 2.23 2.89 2.21
TiO, 0.15 0.83 0.93 0.67 0.84 0.66
P,0s5 0.07 1.12 0.15 0.15 0.13 0.15
SO; 0.01 0.41 0.07 0.13 5.53 0.05
LOI 0.36 5.58 1.49 3.69 2.20 3.11

The preparation of the fresh mixture was done by mixing MK, a type
of calcined clay and BBA with the alkaline solution. Geopolymers pre-
sent the same amounts of the three raw materials, therefore the amount
of substitution of MK for calcined clays was 33.33 wt % and another
33.33 wt % for BBA. A composition with 100 wt % of MK was prepared
as reference. After a preliminary investigation, the water/binder ratio
remained constant and equal to 0.6 to obtain adequate plasticity of the
mixture. The binder is calculated as the sum of all solid precursors, the
anhydrous activator, NaOH, and solid contained in the sodium silicate
solution. Details on the proportion of the mixtures are presented in
Table 4.

The raw materials were homogenized: MK, calcined clays and BBA
in a dry state for 5 min in a Proeti planetary mixer. The alkaline activa-
tor is then added and mixed for 2 min at low speed. Finally, the
geopolymeric precursor was homogenized for 10 min, at fast speed of
the mixer until obtaining a homogeneous paste. The mixture is then
poured into 25 mm diameter polyethylene molds up to a height of
about 50 mm. The molds were vibrated on a shaking table during 2 min
to eliminate air bubbles. The specimens were cured at 60 °C and a satu-
rated atmosphere for 24 h. After this period, the samples are removed
from the mold and kept at room temperature until the age of the test, 28
days. (Fig. 4). The amount of carbonates has been determined by cal-

Journal of Building Engineering 40 (2021) 102761

(@ #

* Quartz

Intensity (a.u.)

10 20 30 40 50 60
2 theta (°)

*Quartz
() « Calcite
+ Illite

¢ Orthoclase
o Muscovite
o Hematite

Intensity (a.u)

5 15 25 35 45 55 65 75
2 theta (°)
(©) * + Lime
* Quartz
X Aluminosilicates
- « Calcite
=
<
-’
k=
wn
: |
8
| |
. f
*
I “ X ’ ’lf A # ’”‘ *
[ et} jaumuuw I SUANS J o
10 20 30 40 50 60 70 80

2 Theta (°)

Fig. 3. XRD pattens of raw materials: (a) metakaolin (MK); (b) red clay (RC),
yellow clay (YC), black clay (BC) and white clay (WC) and (c) biomass bottom
ash (BBA).

cimetry [34]. To dissolve the aluminosilicate gels formed, the HCl ex-
traction method was used [35]. For the extraction with HCl, 1 g of
ground and sieved geopolymer (150 pm) was attacked with a 250 ml
solution of HCl (1:20) for 3 h. Subsequently the solution was filtered
and the insoluble residue was washed with deionized water and dried
to constant weight. The percentage of weight loss was determined by
weighing the insoluble residue.

The bulk density was determined by the Archimedes method with
inmersion technique in accordance with the UNE-EN 1015-10 standard
[36]. Three geopolymer samples of each composition 25 mm in diame-
ter and approximately 50 mm in height were immersed in water and
the bulk density (p) and apparent porosity were calculated according to
the equations:
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Table 3
Mineralogical composition of raw materials (thermal treatment at 750 °C/4 h
MK and different calcined clays).

Raw Amorphous  Major Minor component Traces

materials (wt %) Component

MK 90.0 Quartz - -

BBA 24.5 Quartz Calcite, -

aluminosilicates, lime

RC 57.5 Illite, quartz, Hematite Orthoclase
muscovite

YC 27.4 Quartz, illite, Lime, hematite Calcite
orthoclase

BC 32.1 Quartz, illite, Hematite Lime, calcite
orthoclase

WC 27.7 Quartz, Lime, montmorillonite, Muscovite,
orthoclase hematite calcite

Table 4

Formulation of geopolymer samples and Si/Al and Na/Si molar ratio. Clay in-
dicates RC, YC, BC or WC clays.

Sample MK Clay BBA Na,SiO3 H,0* NaOH Si/Al Na/Si Ca/

(g (g (g  solution (g) ® Molar Molar (Si + Al)
® Ratio Ratio Molar
Ratio
GMK 450 - - 300 195 64 1.68 0.7 0.0008
GMK- 150 150 150 300 195 64 1.98 0.7 0.09
RC-
BBA
GMK- 150 150 150 300 195 64 2.17 0.7 0.18
YC-
BBA
GMK- 150 150 150 300 195 64 2.11 0.7 0.14
BC-
BBA
GMK- 150 150 150 300 195 64 2.15 0.7 0.19
WC-
BBA

a Water from the 8 M NaOH solution. Water from the sodium silicate solution
(185.7 g) is not included.

Fig. 4. Geopolymers samples: GMK; GMK-YC-BBA; GMK-RC-BBA; GMK-WC-
BBA; GMK-BC-BBA.

p=—md_, o)
ma — mw
pg=ma=—md ., @)
ma — mw

where mg is dry mass, m, is the mass of the saturated samples in air, m,,
is mass of the saturated samples in water and p,, is the density of water
1000 kg/m3.

Water absorption (W,) was determined using the equation:

A, 100 3)
ms

—ms
W *
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A MTS 810 Material Testing Systems laboratory of 100 kN with a
displacement rate of 0.5 mm/min was used to perform the mechanical
tests for compressive strength (Cs) of six geopolymers (25 mm diame-
ter; 50 mm height) according to the standard procedure UNE-EN-772-1
[37] and calculated using the following equation:

Cs = Z (4)
where P is the maximum force and A is the unit of area over which it
acts.

Thermal properties of the geopolymers were determined at 10 °C ac-
cording to ISO 8302 standard [38] using the FOX 5-TA Instruments heat
flow meter. Two samples of 55 mm in diameter and 15 mm in height
were used.

Geopolymer microstructures were examined using a JEOL SM 840
model scanning electron microscope (SEM) coupled by Energy disper-
sive X-ray Spectroscopy (EDS). Samples were coated with carbon using
the JEOL JFC 1100 sputter coater. An Vertex 70 Bruker equipment of
Attenuated Total Reflectance-Fourier Transform Infrared Spectroscopy
(ATR-FTIR) was used for further analysis of the geopolymers in the
range of 4000-400 cm~! at room temperature.

3. Results and discussion
3.1. HCI extraction

The carbonate content (as wt. % of calcite in the sample) of raw
sample and percentage of disolved mass after HCl extraction are pre-
sented in Table 5. The carbonates present in the raw materials dissolve
in the HCl solution and an increase in the dissolved mass is observed as
the carbonate content in the precursors increases. With respect to the
geopolymers, a substantial increase in dissolved mass is observed in the
geopolymer samples with respect to the precursors. This fact indicates
the formation of sodium aluminosilicate hydrated and calcium alumi-
nosilicate hydrated gels in all geopolymers [39,40]. Since the geopoly-
mers have similar contents of carbonates due to the carbonation process
with atmospheric CO, it can be concluded that in GMK and GMK-BBA-
WC geopolymers present a higher amount of geopolymer gel.

3.2. Bulk density, apparent porosity and water absorption of geopolymers

The results of bulk density, apparent porosity and water absorption
of the geopolymers after 28 days are shown in Table 6.

The bulk density of the control geopolymers was 1201 kg/m3. The
bulk density of metakaolin geopolymers is normally in the range be-
tween 1200 kg/m? and 1800 kg/m? [15]. Control geopolymers have a
lower bulk density than those obtained by other authors [41]. Bulk den-
sity values were comparable to those obtained by Tippayasam et al.
[42] for the metakaolin geopolymer obtained using 10 M potassium hy-
droxide after undergoing a 550 °C heat treatment. They found a value

Table 5
Carbonate content and results of the HCl extraction of the raw materials and
geopolymers.

Sample Carbonate content (wt%) Mass dissolved by HCI (wt. %)
MK 4.00 28.01
BBA 11.53 74.21
YC 8.29 56.94
RC 5.07 31.44
WC 8.43 61.53
BC 6.31 56.10
GMK 7.06 79.76
GMK-BBA-RC 8.15 71.70
GMK-BBA-YC 8.90 65.80
GMK-BBA-BC 8.04 66.63

GMK-BBA-WC 8.34 78.32
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Table 6
Bulk density, apparent porosity and water absorption of synthetized geopoly-
mers.

Sample Bulk density Apparent porosity Water absorption
(kg/m®) (%) (%)

GMK 1201 + 16 53.0 = 0.48 42.15 = 0.93

GMK-BBA-RC 1272 * 19 51.6 = 0.65 41.85 = 0.72

GMK-BBA-YC 1269 * 16 49.0 = 0.48 41.95 = 0.72

GMK-BBA-BC 1270 * 11 51.6 = 0.65 41.64 = 0.72

GMK-BBA- 1274 £ 6 51.4 = 0.72 41.40 = 0.43

wC

of 1260 kg/m3. Duxson et al. [43] indicated that metakaolin-based
geopolymers with a Si/Al molar ratio <1.65 presented a porous mi-
crostructure, with larger pores (on the order of microns), than geopoly-
mers with a Si/Al molar ratio >1.65 that are more homogeneous and
contain pores smaller (on the order of nanometers). However, for the
GMK control geopolymers synthesized in this research using MK, the
Si/Al molar ratio = 1.68 was not enough to decrease accessible poros-
ity. This suggested a decrease in the surface area of the gel due to capil-
lary stress induced by shrinkage in the pore structure.

The replacement of 33.33% MK by BBA and another 33.33% by cal-
cined clays gave rise to geopolymers with slightly higher bulk density
(1269-1274 kg/m?) than control geopolymers. The values of the bulk
density were comparable with those obtained by other authors [44] for
fly ash geopolymers (1180-1580 kg/m?), decreasing the bulk density
with the highest H,O content in the paste. The use of BBA and clay to
partially replace MK promoted a more compact structure formed by the
filling and type gel enrichment effect. Regarding the influence of the
type of clay added, it is observed that practically all the geopolymers
present similar physical properties, due to the similarity in their true
densities and mineralogical composition. This implies that the clay par-
ticles have a slightly higher pore-filling than MK, and there are no parti-
cles agglomeration effect [45]. The Si/Al molar ratio has no effect on
the bulk density and apparent porosity of geopolymers, as other authors
have indicated previously [46].

The porosity values of geopolymers fell in the range of 49.0-53.0%
which were similares to those found by Longhi et al. [47], for
metakaolin geopolymers (43.6-65.8%). The use of a high liquid content
in the geopolymer mixture together with a less efficient activating solu-
tion to polycondensation resulted in the appearance of pores in the
geopolymer matrix therefore, high porosity [48]. Finally, water absorp-
tion values of geopolymers synthesized using calcined clays are slightly
lower than metakaolin geopolymers.

3.3. Mechanical properties of geopolymers

Mechanical properties are the most important index of engineering
quality in ceramic materials for construction with structural functions.
The mechanical strength of geopolymers is not only attributed to densi-
fication, but also to the cementitious products formed in the geopoly-
merization reaction.

Compressive strength data of geopolymers after 28 days showed
that samples rupture does not occur suddenly, indicating ductile behav-
iour. This may be due to the minerals present in the calcined clays after
heat treatment, especially the presence of illite, which provides to the
geopolymers plasticity [49]. The compressive strenght result for the
geopolymers is shown in Fig. 5. The control geopolymers (GMK), which
was synthesized using only metakaolin, has a compressive strength of
24.9 MPa, being similar to that reported by other authors using similar
Si/Al relationships [50]. The replacement of MK by BBA and by differ-
ent types of Spanish calcined clays results in geopolymers with better
properties of compressive strength with values between 26.8 (using YC)
and 38.5 MPa (using WC). According to the bulk density data, these
geopolymers have higher bulk density and lower water absorption and
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Fig. 5. Compressive strength of the geopolymers.

apparent porosity than the control geopolymers. Compressive strength
follows the following increasing order GMK-BBA-YC < GMK-BBA-
BC < MK-BBA-RC < MK-BBA-WC. Despite the lower metakaolinite
content, the presence of minerals present in the calcined clays (illite, or-
thoclase, muscovite, hematite and quartz) can exert a reinforcement in
these materials, acting as fillers [51]. It should be noted that MK-BBA-
WC geopolymers presented the highest compressive strength
(38.5 MPa), although the specimens present similar apparent porosity
and bulk density as the rest of geopolymers (Table 6). There is a rela-
tionship between compressive strength and polycondensation in
metakaolin geopolymers, which depends on the water/binder ratio, the
chemical composition of the raw materials used and the activating solu-
tion. Polycondensation is favoured if the activating solution contains
sodium silicate as the silicate species are already available in the solu-
tion. Consequently, the mechanical strength increases [52]. In the syn-
thesis of geopolymers, both the water/binder ratio and the activating
solution remain constant, so the factor to consider in compressive
strength is the chemical composition. The increase in the Si/Al ratio
causes the Si-O-Al bonds to decrease and the Si-O-Si bonds to increase
in the gel geopolymer. Si-O-Si bonds are stronger by increasing me-
chanical strength of GMK- BBA-clay geopolymers with higher Si/Al mo-
lar ratio, and higher values of compressive strength are obtained.
Another factor to consider is the formation of calcium-rich phases
that coexist with (Na)-A-S-H type gel, because the raw materials, BBA,
WC, YC and BC are rich in CaO (Table 2). Other authors indicated that
calcium rich sources can lead to the precipitation of a certain amount of
C-(A)-S-H gel in combination with N-A-S-H gel. The formation of C-(A)-
S-H gel can have a beneficial effect on the mechanical properties of the
specimens [53,54]. GMK-BBA-WC geopolymers have the highest com-
pressive strength and also the higher amount of calcium content. How-
ever, the calcium content of these geopolymers is similar to the calcium
content of GMK-BBA-YC geopolymers (Table 2), indicating that the
amount of geopolymer gel formed also has influenced in the compres-
sive strength. The geopolymers using YC and BC as raw materials pre-
cursors (GMK-BBA-YC and GMK-BBA-BC) contain low amount of
geopolymeric gel, according to HCI extraction (Table 5) and XRD data
(Fig. 7a) and they have the lower mechanical properties (Fig. 5). Fi-
nally, an important aspect to consider in compressive strength is the
presence of defects in specimens, such as micropores, microcracks and
some spherical macropores. Microcracks can be propagated along the
matrix and clearly visible on fracture surfaces, and distributed even in
the defects in the specimens, such as micropores the matrix,. These de-
fects are originated during the synthesis process due to the retention of
air bubbles, as well as due to the contraction of evaporated water dur-
ing drying step. This can be detected in the SEM micrographs (Fig. 11).
Thus, these defects are larger in the GMK-BBA-YC and GMK-BBA-BC
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geopolymers. Pores act as stress concentration points and are prone to
failure when the load is applied.

3.4. Thermal properties of geopolymers

The commitment made by society in relation to the energy effi-
ciency required in all areas and particularly in construction, has led to
the development of insulating materials that collaborate with the aim of
improving the thermal behavior of new construction systems, and with
adequate mechanical properties. One of the interests of the present re-
search is to develop new modified geopolymers with good thermal insu-
lation properties for buildings. The thermal conductivity data of the ob-
tained geopolymers are presented Fig. 6.

Control geopolymers (GMK) have a thermal conductivity of 0.23 W/
mK. These values are lower than those obtained by other authors. Kam-
seu et al. [55], obtained metakaolin-based geopolymers with thermal
conductivities between 0.30 and 0.59 W/mK. Ain Jaya et al. [41], ob-
tained metakaolin geopolymers with thermal conductivities in the
range of 0.33-0.41 W/mK. However, the conductivity values obtained
are similar to those obtained by these authors when they used 0.5%
H,0, as a foaming agent, because these geopolymers present similar
values of bulk density and apparent porosity as the control geopolymers
obtained in this work. Pore formation reduces thermal conductivity due
to the extremely low thermal conductivity of air in closed pores, which
contributes to a lower thermal conductivity value [56].

Geopolymers incorporating different types of Spanish calcined clays
and biomass bottom ash have a higher bulk density (Table 6) and
higher values of thermal conductivity (Fig. 5) than control geopoly-
mers. The thermal conductivity values are similar due to the geopoly-
mers have a similar porosity. The decrease in thermal conductivity fol-
lows the following order GMK-BBA-YC ~ GMK-BBA-WC > GMK-BBA-
BC > GMK-BBA-RC, with thermal conductivity values in the range
0.24-0.27 W/mK. It can be seen that the increase in the Si/Al ratio in
geopolymers produced an increase in thermal conductivity. These re-
sults are in agreement with those found by Kamseu et al. [55,57], who
demonstrated that the pore size of metakaolin-based geopolymers
varies with the Si/Al ratio. These authors found that the thermal con-
ductivity of metakaolin-based geopolymers increases linearly from
0.28 W/mK for geopolymers with a Si/Al = 1.3 M ratio up to 0.35 W/
mK for geopolymers with a Si/Al = 2.5 M ratio. The results obtained in
this study are comparable to those obtained by Villaquiran-Caicedo et
al. [58]. These authors prepared geopolymers with thermal conductivi-
ties between 0.17 and 0.35 W/m K for metakaolin-based geopolymers
using rice husk silica and silica fume as a source of silica. In general, the
geopolymers obtained in this investigation have a low thermal conduc-
tivity (<0.30 W/mK) due to the fact that the geopolymerization reac-
tion gives rise to polyoxalates of amorphous structure and intercon-
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nected pores that provide a tortuous route for the flow of thermal gradi-
ent [59,60]. The amorphous structure of the geopolymer restricts heat
transfer.

Furthermore, the thermal conductivity values obtained for the
geopolymers developed in this study are similar to those of other mate-
rials used in thermal insulation such as Portland cement with a thermal
conductivity of approximately 0.29 W/mK, or light concrete with a
thermal conductivity of 0.23 W/mK [61].

3.5. X-ray diffraction (XRD) of geopolymers

Fig. 7a shows the X-ray diffraction diagrams of different geopoly-
mers manufactured after 28 days of curing. In the control geopolymers
(GMK) it can be seen that the quartz crystalline phase present in the
MK raw material is also present. In the rest of geopolymers that incor-
porate BBA and different calcined clays, in addition to the diffraction
peaks corresponding to MK, diffraction peaks corresponding to BBA
precursors and calcined clays, such as calcium carbonate and hematite,
are observed. This last phase is present in geopolymers using red clay
as raw material (GMK-BBA-RC). The crystalline phases are mainly the
non-reactive phases in the geopolymerization reaction. However, in all
geopolymers the observed diffraction peaks are less intense than in the
raw materials. These phases therefore appear as non-reactive particles
and act as filler particles in the geopolymeric paste [52,62]. No new
crystalline phases appeared in the geopolymerization process. The dis-
placement observed in the halo of the precursor MK (15°-35°) after al-
kaline activation and subsequent geopolymerization (18°-38°) (Fig. 7b)
is induced by alkali cations that promote the dissolution and subse-
quent destruction of the solid's silicoaluminate structure to give rise to
aluminosilicate gel. Therefore, the microstructure of these materials is
mainly constituted by an amorphous aluminosilicate phase generated
where the halo observed in the 20 range between 18° and 38° is a sign
of the activity of the geopolymerization reaction, attributed to the alu-
minosilicate gel phase [63-66] and to the absence of a short-range or-
der of metal oxides [67]. The replacement of BBA and different cal-
cined clays causes the position of the amorphous halo to shift slightly
to the right, indicating that with the incorporation of these raw materi-
als, there are some changes in the geopolymeric gel formation [68].
This amorphous phase improves the mechanical properties of the
geopolymeric matrix. The higher the amorphous phase content, the
greater the mechanical strength of geopolymers [69]. This halo is
slightly less intense in samples MK-BBA-YC (Fig. 7¢) and MK-BBA-BC,
indicating a lower amount of geopolymer gel in these specimens than
in geopolymers using WC as raw material and RC, MK-BBA-WC (Fig.
7¢) and MK-BBA-RC geopolymers, respectively, according to the com-
pressive strength data.

3.6. FTIR observation of geopolymers

Fig. 8a shows the FTIR spectrum of the control geopolymers after 28
days, along with the FTIR spectrum of the MK precursor. The
geopolimeryzation process of the aluminosilicate source can be verified
by the disappearance or modification of some of the characteristic
bands of the metakaolin (MK), particularly the one located at
1058 cm~!. This band presents a shift towards lower frequencies
(972 ¢cm~1) with the incorporation of the activating solution. This dis-
placement is associated with the dissolution of the aluminosilicate
source, due to the geopolymerization reaction of the silicate group with
the formation of the geopolymeric gel, which is an evidence that the
process of geopolymerisation has taken place. The width of the band
centered at 972 cm~! may be due to the superposition of different types
of vibrational bands related to the T — O bond, where T can be Si or Al,
that is, AI-O-Si, Si-O-Al, or Si-O—M (M: Na) [70]. The displacement
observed in FTIR agrees with the displacement observed in the amor-
phous halo in the XRD difractograms. Another band that disappears in
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the geopolymeric material is that located at 796 cm™, attributed to the
AlO, species of the metakaolin.

The substitution of MK for 33.33% of BBA and the additional substi-
tution of another 33.33% of MK for different types of natural calcined
clays, YC, RC, WC and BC after 28 days (Fig. 8b-e) show differences
with respect to the FTIR spectra of the precursors used. In the FTIR
spectra of biomass bottom ash and of the different types of calcined
clays, a band centered at 987 cm~! in the residue and between 990 and
984 cm~! in the different types of calcined clays is observed. This band
could be assigned to the stretching modes of the Si-O bond present in
raw materials. In all geopolymers, a displacement of this band can be
observed towards smaller wavenumbers (970-975 cm-1), indicating the
formation of the geopolymeric gel. The width of this band is primarily
assigned to the short-range ordering of the Si and Al tetrahedra, as well
as to the amorphous nature of the material. Fig. 9 shows the FTIR spec-
trum of all geopolymers cured at 28 days. In all geopolymers, the addi-
tion to the band observed at 970-975 cm~! which is the fingerprint of
the geopolymerization process, a wide band centered at 3368-
3449 cm™!, attributed to the tension vibration of the —-OH bond of the
free or physically absorbed water in the pores or surface of the gel can
be observed. A second band centered at approximately
1643-1647 cm™!, corresponding to the deformation vibration of the
H-OH bond, can also be distinguished [71]. The bands located around,
2360 and 1450-1430 cm™! can be attributed to asymmetric tension vi-
brations of the C-O bond of carbonates present in the geopolymer.
These are complemented by a band located approximately at 870 cm™!
that corresponds to the symmetrical deformation vibration of the
O-C-0O bond [72,73]. The presence of carbonates is possibly due of un-
reacted CaCOj; from the raw materials (Table 5) or to the interaction of
the surface material with the CO, in the environment to form sodium
and/or calcium carbonates. The bands located in the region between
600 cm~! and 800 cm! are related to the Al-O bond tension vibrations,
specifically for Al ions with coordination 4. The bands located in the re-
gion between 400 and 600 cm™! can be associated with vibrations due
to deformation of the bond Si—-O-Si and Al-O-Si. Therefore, the bands
located between 500 and 800 cm™! are called SBU type vibration bands
“Secondary Building Units”, and their position depends on the organi-
zational form of the SiO4 and AlO, tetrahedra, either in single or double
rings and which can possess between 4, 5 or 6 units per ring [74].

Fig. 10 shows the influence of the age on the geopolymerization
reaction of the GMK-BBA-WC geopolymers. A decrease in the bands
centered at approximately 1650 and 3400 cm™! can be obseverd indi-
cating a water consumption during the progress of the geopolymer-
ization reaction with the age. This fact is corroborated by the dis-
placement of the band centered at approximately 955 cm~! (Fig. 10)
towards higher wavenumbers as the storage time increases
(970 ecm™1), indicating an advance in the geopolymerization reaction
with the formation of the geopolymeric gel responsible for hardening
the material, as occurs in other similar geopolymeric systems [43,70].
However, after 7 days, there are hardly any differences in the FTIR
spectra, indicating that for this age, the geopolymerization reactions
have practically completed.

3.7. SEM-EDS analysis of geopolymers

SEM images were made to the geopolymers after 28 days to observe
the microstructure (Fig. 11). The effects of the geopolymerization
process, the formation of the geopolymer gel, due to the presence of the
alkaline activator sodium hydroxide (NaOH) and sodium silicate
(NaySiO3) can be observed in all samples. In the GMK control geopoly-
mers, the formation of the hydrated sodium aluminosilicate gel (Na-A-
S-H) is observed. The addition of BBA and different types of Spanish cal-
cined clays gives rise to geopolymers with a higher degree of densifica-
tion, obtaining a denser structure in the GMK-BBA-WC and GMK-BBA-
RC geopolymers. The incorporation of the residue and the different
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after 28 days.

types of clay gives rise to the generation of another type of geopoly-
meric gel richer in Ca (Ca-A-S-H or Ca-Na-S-H) gel, as well as the pres-
ence of unreacted clay platelets and dispersed unreacted bottom ash
that surround the gel or binder phase. It suggests an insufficient dissolu-
tion of some components present in BBA and calcined clays that are not
involved in the geopolymerization reaction. In the GMK-BBA-YC and
GMK-BBA-BC geopolymers, a greater number of unreacted particles can
be observed, indicating a lower degree of dissolution of the YC and BC
samplesaccording to the results obtained in the HCI extraction (Table

5). This lower degree of bonding and less compact microstructure
agrees well with the lower values of compressive strength. Also in
geopolymers the existence of significant porosity is observed. This
porosity has also been reported by other authors [75,76]. This porosity
is higher in the control samples, as well as in the GMK-BBA-YC and
GMK-BBA-BC geopolymers, observing the existence of a higher propor-
tion of cracks due to the drying contraction of the reaction products
[77]. These cracks can lead to a decrease in mechanical strength, as in-
dicated by compressive strength data.
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Table 7 shows the EDS analysis of each sample. The chemical com-
positions of geopolymers mainly include silicon (Si), aluminum (Al),
sodium (Na) and calcium (Ca). Also, other elements such as potassium
(K), iron (Fe) and magnesium (Mg) are observed, not included in Table
6, as they are found in a lower proportion. High amounts of Si, Al, Na

10

and Ca provided the suitable conditions for the formation of the sodium
silicate gel in the control geopolymers (GMK) and the hydrated sodium-
calcium aluminosilicate gel (Na-C-A-SH) in the rest of geopolymers. It
can be seen how the substitution of MK by BBA and different types of
calcined clays gives rise to geopolymers with a higher Si/Al ratio, ob-
taining the highest values for the G-MK-BBA-RC and G-MK-BBA-WC
geopolymers. The Si/Al ratio is important in the behavior of geopoly-
meric products [78]. A high Si/Al ratio indicates a geopolymer with a
high compressive strength, while a low Si/Na ratio indicates a high re-
action speed [79]. The GMK-BBA-WC presented higher values of com-
pressive strength than the rest of the geopolymers (Fig. 5), presenting
the highest Si/Al ratio. Therefore, a high Si/Al ratio and a lower Si/Na
ratio may indicate a higher degree of reaction of the dissolved raw ma-
terials [80] according to the results obtained by the HCl extraction.

4. Conclusions

The objective of this study was focused on evaluating alternative
raw materials such as olive-pine biomass bottom ash and calcined clays
(yellow, red, white or black) traditionally used in the brick and ceramic
tile sector in southern Spain, can be succesfully used as a partial substi-
tution for metakaolin in the manufacture of geopolymers.

The main conclusions of this investigation are depicted as follows:
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GMK-BBA-YC

Fig. 11. SEM images of geopolymers: a) control geopolymers (MK) and geopolymers formulated with BBA and one of four different calcined clays, b) GMK-BBA-RC,
¢) GMK-BBA-YC, d) GMK-BBA-BC, and e) GMK-BBA-WC.

Table 7 - The thermal conductivity of the geopolymers that incorporate BBA
SEM-EDS microanalysis of geopolymers. and calcined clays increased slightly with respect to that of the
Samples Weight percentages (wt. %) Ratio (wt. %) control geopolymers (0.23 W/mK), increasing as the Si/Al molar

ratio increases. However, the thermal conductivity values are low,

St Al Na Ca S/AL - Si/Na  Si/Ca presenting values between 0.27 and 0.24 W/mK similar to other
GMK 3170 1867 832 - 170 384 - construction materials.
GMK-BBA-RC 2337 847 1165 560 276 200 417
GMK-BBA-YC 24.03 1015 1020 6.84 237 236 351 These promising findings suggest that BBA, currently deposited in
GMK-BBA-BC 27.59 1045 9.34 695 264 295  3.97

landfills, and the different types of clays currently used in traditional
ceramics, can be used as raw materials in a new market within the

geopolymer sector in the construction field, with economic and envi-
- The mechanical strength achieved by geopolymers incorporating ronmental benefits.

BBA and calcined clays is higher than that of control geopolymers
prepared using MK. The increase in compressive strength may be Author contribution
due to the presence of minerals in the calcined clays that act as

GMK-BBA-WC 17.50 5.74 21.51 572 3.06 0.84 3.05

fillers, that is, to a filling effect exerted by the unreacted particles D. Eliche-Quesada performs some test, conceptualization.; data cu-
and/or the formation of some zones of C-A-S-H that coexist with N-  ratjon; supervision; funding acquisition and writing - original draft. A.
A-S-H, due to the presence of calcium in the substitute raw materials. Calero-Rodriguez, manufactures the geopolymer and performs some
The maximum compressive strength is reached for geopolymers that test. E. Bonet-Martinez performs some test. L. Pérez-Villarejo writing -
use WC as raw material (GMK-BBA-WC), which can be explained due  review & editing. P.J. Sdnchez-Soto writing - review & editing.

to an increase in the Si/Al ratio combined with a greater formation
of C-(A)-S-H gel together with N-A-S-H gel and a lower presence of
defects, such as micropores and microcracks.
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