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In this research, the use of olive pomace fly ash (OPFA) as an alkaline source for the activation of
calcined clays (CC) from Bailén (Jaén, Spain) was studied. The optimal composition was ob-
tained for 70 wt % CC and 30 wt % OPFA. The physical, mechanical and thermal properties of
control geopolymers that use water as a liquid medium have been studied and compared with
geopolymers that use additional activating solutions as sodium or potassium hydroxide solu-
tions (8 M), or a mixture of alkaline hydroxide and alkaline silicate solution (NaOH—Na,SiO5 or
KOH—K,Si03). The results showed that OPFA can be used as an alkaline activator, showing
mechanical properties slightly lower than those obtained when additional alkaline hydroxide
activating solutions were used. The best compressive strength was obtained for geopolymers
that use alkaline silicates as an activating solution. However, the best thermal insulation
properties were obtained for control geopolymers. The microstructural characteristics of the
geopolymers were evaluated by means of X-ray diffraction (XRD), Fourier transform infrared
(FTIR) spectroscopy and Scanning Electron Microscopy (SEM-EDS) that corroborate the forma-
tion of geopolymeric gel in all the specimens, being the amount of gel formed greater in samples
using commercial potassium activating solutions. These results demonstrate the feasibility of
using this type of waste, OPFA, as activating reagents in the manufacture of geopolymers or
alkaline activated materials. The manufactured geopolymers can be used as compressed
earth blocks for walls and partitions, since the specimens pursue mechanical properties
that comply with current regulations, presenting better thermal insulation properties.
© 2021 The Author(s). Published by Elsevier B.V. This is an open access article under the CC
BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Geopolymers are low carbon binders obtained from the
alkaline activation of natural minerals (clays), waste or in-
dustrial by-products to generate a product with ceramic
characteristics [1,2]. The aluminosilicate type reactive ma-
terials dissolve rapidly in an alkaline solution and form hy-
droxylated oligomers of the type Si (OH),- and Al (OH); [3,4].
During the polycondensation reaction, the tetrahedral units
alternately join2 to form amorphous lattices that make up
the geopolymers. In recent years, geopolymers have gained
much attention as binders with lower energy consumption
and powerful characteristics including good mechanical
properties, low liquid permeability, resistance to high
temperatures and acid attack among others [5] with a
considerable reduction of CO, emissions, being more envi-
ronmentally friendly materials [6—9].

Kaolin and other natural clays, after transformation by
heat treatment into metakaolin and calcined clays, and low
calcium fly ash are the most common precursors used in the
synthesis of the geopolymers [10]. In recent years the focus
has been on highly available raw materials, such as calcined
clays [11,12]. Clay generally consists of a mixture of clay
minerals and other associated ones [13]. Unlike kaolin, the
main drawback of the clays use as a precursor for obtaining
geopolymers is the variability in the composition and the
control of the parameters that govern the thermal activation
process. Common clays to be used as geopolymeric pre-
cursors, they must be calcined to complete dehydroxylation to
avoid the formation of new stable phases, such as spinel
[13—15]. Thermal activation of clay minerals between 500 and
800 °C generally results in dehydroxylation of the clay mineral
[16]. Other authors have studied the alkaline activation of
clays. Thus, Buchwald et al. [17] studied the suitability of illite/
smectite clay thermally activated between 550 and 950 °C to
form geopolymers. Essaidi et al. [18], studied the alkaline
activation of a kaolinitic clay and a hematite-rich illite-kaoli-
nitc clay activated at different temperatures. It is concluded
that the reactivity of the illite-kaolinitc clay is superior to that
of the kaolinitic clay due to the amorphization of the clay
minerals, obtaining materials with better mechanical prop-
erties. Selmani et al. [9] evaluated two commercial meta-
kaolins and three Tunisian clays, with different chemical
composition, purity and reactivity, to determine their poten-
tial for geopolymer synthesis. The substitution of metakaolin
by the clay favoured the polycondensation reaction.

The alkaline activators used are strongly alkaline solu-
tions, alkali hydroxides or hydrated alkali silicates. However,
the production of the alkaline silicates used as activators is
carried out through very expensive and highly polluting eco-
nomic processes, since temperatures above 1300 °C are
required, emitting large amounts of CO, into the atmosphere.
Therefore, the search for new alternative activating solutions
is necessary, with less environmental and economic impact.
One way to improve the economic and ecological balance of
alkaline or alkaline activated cements would be to find sub-
stitutes (total or partial) for traditional alkaline activators.

In recent years, the use of biomass to generate heat and
electricity, in order to apply waste and reduce CO, emissions

to the atmosphere, has increased substantially in the Euro-
pean Union, becoming the fastest growing renewable energy.
In Spain, biomass represents 5.21% of the total energy
consumed [19]. The Andalusian Autonomous Community
contains an important richness of biomass, coming from the
olive crops and its derived industries. There are 1.52 million
hectares of olive groves, which in an average campaign pro-
duce about 5.4 million tons of olives. This production is mainly
devoted to the production of olive oil (92%), while the rest
(approximately 8%) goes to table olives [20]. Two types of by-
products or residues are generated in the two-phase produc-
tion system for obtaining oil: wastewater and olive-pomace or
“alpeorujo”. The wastewater is derived from the vertical
washing and centrifugal processes, as well as, to a lesser
extent, from the cleaning of tanks, hoppers and other ele-
ments. The wastewater presents a large amount of waste,
such as dust or dirt, oils and fats, sugars, nitrogenous sub-
stances, organic acids, polyalcohols and polyphenols. It is a
highly contaminating material due to its acidity and high
chemical oxygen demand (DQO) and biochemistry oxygen
demand (DBO) [21]. The alpeorujo, or solid waste, is a paste
formed by a mixture of pulp, bark, olive stone and residual oil.
This residue has a high concentration of organic matter, oil
and fat, and is rich in calcium and potassium [22]. The olive
pomace industry has adapted to the reception of this by-
product, from which an oil known as “olive-pomace oil” is
obtained from a new centrifugation or by chemical extraction
with solvent. After obtaining this oil, the remainder of the
defatted alpeorujo or olive pomace can be used as an energy
resource, such as biofuel, animal feed and agricultural fertil-
izers [23]. The combustion process used for the energy re-
covery of olive pomace generates large amounts of fly and
bottom ash, whose final majority destination is abandonment
in landfills, which leads to a waste problems and a strong
environmental impact. Studies have been carried out on the
potential use of olive pomace ash as raw material in the
manufacture of cements, concretes, geopolymers and ceramic
products [24—30].It is essential for a sustainable management
to develop and optimize alternatives and low-cost technolo-
gies, which allow the reuse and recovery of ash. The olive
pomace combustion ash is characterized by presenting a large
amount of K,0 and CaO, having a high alkalinity in water
suspension.

Most investigations using common clays as sources of
aluminosilicates in the manufacture of geopolymers have
studied the effect of heat treatment, the clays being activated
using commercial activators. Therefore, the novelty of this
investigation, is to study the use in the synthesis of alkaline
activated materials or geopolymers olive pomace fly ash
(OPFA) as potential source of alkalis to activate common clays.
The binary system composed of a calcined clay (CC) from the
Bailén quarries (Jaén, Spain) as a source of aluminosilicate and
OPFA as an alkaline reagent using different activating solu-
tions (water, NaOH (8 M), KOH (8 M) NaOH (8 M) -Na,SiO; and
KOH (8 M) -K,SiO3) has been analyzed. Therefore, it is intended
to obtain new materials at low energy and with environ-
mental advantages and the recovery of residues, such as fly
ash from the olive pomace combustion as a sustainable
alternative alkaline activator.
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2. Materials and methods
2.1. Raw materials specifications

Clay belonging to the neogenic materials of the Guadalquivir
basin was used as a source of aluminosilicates [31]. The clay
has been supplied by Arcillas Bailén Company (Jaén, Spain).
This raw material is dark gray. To obtain a uniform particle
size, it was conditioned by crushing and grinding in a ball mill
to produce a powder with a particle size suitable to pass
through a 150 um sieve. To increase its reactivity, the clay was
heat treated at 750 °C (4 h) obtaining calcined clay (CC). The
temperature of 750 °C was selected for the thermal treatment
of the raw clay according to the thermogravimetric-
thermodifferential analysis [32] (Cotes-Palomino et al., Kem
diatoms). In the temperature range 450—630 °C, dehydrox-
ylation of the silicates present in the clay takes place, while
decomposition of the carbonates takes place at 750 °C. There-
fore, a temperature of 750 °C was selected according to previ-
ous results obtained [33,34]. As alkaline activator, due to its
richness in potassium, OPFA was used. The residue was sup-
plied by the biomass plant “La Loma S.A.” located in Villanueva
del Arzobispo (Jaén, Spain). These ashes have a particle size of
less than 150 um and they do not require any pretreatment.

2.2 Sample preparation

In order to study the suitability of OPFA to perform as alkaline
source for geopolymers synthesis, the binary system 70 wt%
of CC and 30 wt% of OPFA were activated with water (control
samples) using liquid/solid ratio = 0.4. For the purposes of
comparison to a conventional activator, pastes were also
prepared using a KOH solution; NaOH solution; a mix of a
solution of sodium silicate and NaOH solution and anhydrous
potassium silicate and KOH solution (8 M). Activating solu-
tions were first prepared. For the preparation of the NaOH and
KOH 8 M activating solutions, the necessary amount of NaOH
(85 g) or KOH (137 g) pellets of 98 and 85% purity, respectively,
was disolved by stirring magnetically in 260 ml of water. For

the preparation of the activating solutions NaOH—Na,SiO3
and KOH—K,Si03, the NaOH 8 M and KOH 8 M solutions were
previously prepared and allowed to cool to room temperature
prior to silicate addition. The appropriate amount of the so-
dium silicate solution (259 g) (29.2% SiO,; 8.9% Na,0 and 61.9%
H,0) or potassium silicate solution (106 g), were prepared from
the anhydrous potassium silicate (71.42% SiO, and 28.57%
K,0) and were added to the NaOH or KOH solution, respec-
tively (Table 1). Activating solutions were allowed to cool
under ambient conditions. Once the quantity of raw materials
to be used has been optimized, the amount of each raw ma-
terial is weighed corresponding to 70 wt % of CC and 30 wt % of
OPFA. The raw materials were mixed in dry state in a Proeti
S.A. planetary mixer at slow speed for 2 min. After this time,
the alkaline activator was added, mixing the mixture for
10 min at fast speed. After kneading stage, the geopolymeric
precursor was poured into 4 x 4 x 4 cm cubic silicone molds.
The molds were filled in two batches, giving 60 knocking in
each one on the Proeti S.A. shaking table to eliminate bubbles
and achieve better compaction of the geopolymeric materials.
The precursors were cured at 60 °C and 98% relative humidity
for 24 h. After the first 24 h all the specimens were unmold and
stored under ambient conditions (21 + 2 °C and 58 + 2% of
relative humidity) for 28 days. 70 CC-300PBA geopolymers (G)
were identified by the type of alkaline activating solution used
(Water (W); KOH (K), KOH-K,SiO3 (K-KSil); NaOH (Na) and
NaOH—-Na,SiO; (Na-NaSil) (Fig. 1).

The composition of the mixture, and Si/Al (Na + K)/Si
molar ratios are shown in Table 1. In all mixtures, the liquid/
solid ratios were keep constant at 0.4. The liquid phase is
formed by the water necessary for the preparation of the
activating solutions and including the water contained in the
sodium silicate solution, while solid phase is formed by the
precursors (CC and OPFA).

2.3. Raw materials and geopolymers characterization

Particle size distribution of raw materials, CC and OPFA, was
measured using a laser diffractometer Malvern Mastersizer

Table 1 — Molar ratio and dosage of the mixtures.

Sample Si/Al Na/Si K/Si (Na+ K)/Si CC(g) OPFA (g) NaOH (g) KOH (g) Na,SiO; solution (g) K,SiOs(g) Water (g)
G-W 2.97 0.02 0.61 0.61 455 195 - - - - 260
G-Na 2,97 0.52 0.61 1.13 455 195 85 - - - 260
G-K 2.97 0.02 113 1.15 455 195 - 137 - - 260
G-Na-NaSil  3.90 0.55 046 1.01 455 195 85 = 259 99
G-K-KSil 3.87 022 0.87 1.08 455 195 - 137 - 106 260

G-KKsil

Fig. 1 — Photograph of 70C-300PBA geopolymers using different activating solutions: Water (W); KOH (K), KOH—K,SiO3 (K-

Ksil); NaOH (Na) and NaOH—Na,SiO; (Na-NasSil).
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Fig. 2 — Particle size distribution of raw materials.

2000. The real density of the raw materials was determined
with helium gas using an AccuPyc II 1340 pycnometer. The
organic matter content of the precursors was determined ac-
cording to ASTM D-2974 [35]. The carbonate content using a
Bernard calcimetry. The determination of the chemical
composition of the raw materials, was carried out using the X-
ray fluorescence technique (XRF) using a Philips Magix Pro
PW-2440 equipment. Crystalline mineralogical phases present
in the raw materials and in the geopolymers after 28 days of
curing were determined by the X-ray Diffraction technique
(XRD) using an Empyrean X-ray powder diffraction equipment
with a PIXcel-3D detector of PANalytical. HighScore software
was used for the identification of crystalline phases. The de-
gree of reaction of the geopolymers was determined by attack
with HCl aqueous solution [36,37]. 1 g of geopolymer ground
and sieved to a particle size of 150 mm was dissolved in an
aqueous HCl solution (1:20). The solid was filtered, oven dried
for 1 h and subsequently calcined at 1000 °C for 3 h. The
aluminosilicate gel formed dissolves in the HCl solution, while
the ash fraction remains in the insoluble residue. The degree
of reaction provides an estimate of the amount of clay con-
verted to geopolymer cement.

The bulk density determination was carried out according
to the UNE-EN 772—13, 2001 standard [38]. The determination
of the compressive strength was performed according to the
UNE-EN 772-1 standard [39] using MTS 810 Material Testing
Systems laboratory press. The determination of the thermal
conductivity at of geopolymers at 20 °C was carried out with
the heat flow meter FOX 50 TA Instruments in accordance
with ISO 8302: 1991 [40]. Specimens with a thickness of 2 cm
were used to evaluate the thermal conductivity, due to the
equipment specifications. Fourier transform infrared spec-
troscopy (FTIR) spectra of raw materials and geopolymers
have been performed with an FTIR Bruker Tensor 27 kit using
the total attenuated reflection (ATR) method. Spectra were
obtained between 4000 and 400 cm ' using a resolution of

4 cm~! in the absorbance mode. A JEOL SM 840 model scan-
ning electron microscope (SEM) coupled with energy disper-
sive X-ray spectroscopy (EDS) device was used to examine the
microstructures and chemical analysis of raw materials and
geopolymers. The samples were placed on an aluminum rack
and coated with carbon using the JEOL JFC 1100 sputtering
coater.

3. Results and discussion
3.1. Characterization of raw materials

The particle size distribution of the OPFA, and the CC is shown
in Fig. 2. The particle sizes of both raw materials are very
similar, with an average particle size, Dsg, 39.88 um for C and
44.20 pm for OPFA. The percentage of fine particles (<2 um)
varies from 2.01 vol. % for OPFA to 3.92 vol. % for C. Both raw
materials are made up of silt-sized particles (2—63 um), 61.67
and 65.35 vol% for CC and OPFA, respectively. The content of
sand particles (63—2000 pm) ranged between 34.42 vol % for C
and 32.61 vol % for OPFA.

Table 2 shows the chemical composition of the raw ma-
terials determined by XRF analysis. It can be seen that the CC
is mainly composed of SiO, (51.8%), Al,O3 (14.9%) and CaO
(13.7%). The ratio between SiO, and Al,0; contents is 3.48%.
Si0, and Al,O5 are necessary compounds for the formation of
geopolymers. So, clay can be used as a precursor. The OPFA is
mainly composed of K,0 (52.1%), because potassium is the
main component of olive pomace used as fuel. The residue
contains hardly SiO, (~1.9%) and Al,O3 (~0.4%). This compo-
sition enable OPBA waste can be used as an alternative alka-
line source for the activation of the clay. In addition the OPFA
has a high value of loss on ignition (LOI), which indicates that
it contains a high content of organic matter (5.1%), carbonates
(31.2%) and hydrated phases, as well as the decomposition of
inorganic compounds, with 6.8% SOs.

The clay after heat treatment at 750 °C presents quartz, as the
main crystalline mineralogical specie as identified by XRD,
presenting in lower relative proportions X-ray peaks corre-
sponding to calcite, feldspars and phyllosilicates such as illite
and muscovite (Fig. 3a). The mineralogical characterization of
OPFA (Fig. 3b) shows the presence of silvite (KCI), potassium
sulfate or arcanite (K,SO,4), dolomite (CaMg(COs),), calcium sili-
cate o larnite (Ca,SiO,) and the carbonate kalicinite (KH(COs)).

3.2 Characterization of geopolymers

The bulk density of the 70C-300PBA geopolymers after 28
curing days depending on the activating solution used is
shown in Fig. 4. The bulk density values of the geopolymers
are between 1343 and 1630 kg/m>. The bulk density of the

Table 2 — Chemical composition of raw materials.

Raw materials

Chemical composition (wt %)

KQO SO3 MnO NaQO T102 P205 LOI

8102 A1203 Fe203 CaO MgO

CC 51.80 14.9 4.95 13.70 2.01 2.89 5.53 0.02 0.80 0.84 0.13 2.20
OPFA 1.86 0.38 0.67 5.33 0.81 52.1 6.81 0.02 0.19 0.05 1.62 24.90
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Fig. 3 — XRD patterns of raw materials (a) CC: calcined clay and (b) OPFA: olive pomace fly ash.

specimens is less than the real density of raw materials
2789 Kg/m? for clay and 2240 kg/m® for OPFA. Geopolymers
with lower bulk density are those that use water, giving rise to
a lighter structure. The use of activating solutions that
incorporate sodium gives rise to geopolymers with a lower
bulk density (1476—1584 kg/m®) than the geopolymers ob-
tained when the activating solution incorporates potassium
(1509—1630 kg/m?).

The addition of NaOH or KOH increases the bulk density of
the activating solution with respect to using water. The
addition of sodium or potassium silicate produces a further
increase in the bulk density of the activating solution.
Therefore, the increase in the bulk density of the geopolymers
is in agreement with the increase in bulk density of the acti-
vating solutions. The denser geopolymers are those using

1800
1600 I =

-
Eay
o
o

1200
1000
800
600
400
200

Bulk density (kg/m?)

W Na Na-NaSil K K-KSil

Activating solution tipe

Fig. 4 — Bulk density of the 70C-300PFA geopolymers cured
28 days as a function of alternative activating solution.
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alkaline silicates (G-Na-NaSil and G-K-KSil). The increase in
bulk density may also be due to the added soluble silicate,
since the increase in silicon, as indicated by the Si/Al molar
ratios, produces greater compaction and improvement of the
physical properties [41]. In agreement with literature [42]
alkaline silicate activation produces more compact geo-
polymers than those activated with hydroxide, possibly
because silicates improve the condensation process of the
ionic species produced in the geopolymer reaction system.
The compressive strength results of the geopolymers as a
function of the type of activating solution used can be seen in
Fig. 5. The G-W geopolymers have the lowest value of
compressive strength (1.7 MPa). This could be due to the lower
densification of these specimens and the lower formation of
geopolymeric gel, as indicate the degree of reaction (56%) due
to the low (Na + K)/Si molar ratio of 0.6. These low mechanical
properties may be due to inadequate solubilization and low
reactivity of the clay, which indicates insufficient amount of
geopolymeric gel formed [43]. The systems with hydroxide,
presenting greater values of compressive strength as
compared to the control geopolymers. G-K geopolymers have
greater compressive strength than G-Na geopolymers with a
compressive strength of 3.9 and 3.0 MPa, respectively. The
increase in compressive strength could be due to the increase
in bulk density and to the largest amount of geopolymer gel
formed according to the degree of reaction data (73.0 and
70.5%, respectively). K is more alkaline than Na, which can
lead to greater dissolution of aluminosilicates [44] and the
formation of a greater amount of geopolymeric gel. Therefore,
K-activated systems are more efficient at the dissolution stage
of the aluminosilicate than Na [44]. Furthermore, the addition
of NaOH or KOH produced an increase of the (Na + K)/Si molar
ratio that could influence the development of mechanical
strength of geopolymers [43]. The ratio (Na + K)/Si is related to
the degree of geopolymerization, since the alkali content must
be sufficient to promote the solubilization of the aluminosili-
cates present in the clay raw material and alkalis present in
the ash. A higher concentration of alkaline ions will lead to a
higher dissolution rate of solid particles in the precursor,
increasing the compressive strength [45,46]. The low me-
chanical performance of these geopolymers may be due both

-
o

Compressive strength (MPa)
N w S (&) (o) ~ © ©
—

w Na Na-NaSil K K-KSil

Activating solution type

Fig. 5 — Compressive strength of the 70C-300PFA
geopolymers cured 28 days as a function of alternative
activating solution.

to the low reactivity of the clay and to its insufficient attack
due to inadequate solubilization of the OPFA waste and the
formation of an insufficient amount of aluminosilicate gel.
Both G-Na and G-K specimens show a very slight increase of
geopolymeric gel formation with respect to the G-W geo-
polymers that uses water, as indicated by the FTIR and XRD
data. The geopolymers using silicate in addition to hydroxide
as an activating solution have an increased compressive
strength, which could be due to a higher degree of reaction
and higher bulk density of the specimens. The use of the po-
tassium silicate solution results in G-K-KSil geopolymers with
the highest compressive strength values (9.0 MPa), being
higher than for the geopolymers using sodium silicate (G-Na-
NaSil) (5.3 MPa). The presence of soluble silica improves the
mechanical properties. The increase in mechanical strength
may be due to the fact that geopolymers based on potassium
solutions have a lower porosity in their structure as indicate
the bulk density data [47]. In the hydration of metal cations, it
should be noted that the K™ ions have a size of 1.33 A, being
slightly larger than the Na* ions with a size of 0.97 A. This fact
leads to a lower surface charge density in the case of K.
Therefore, this difference in size will cause the K" to associate
with more water molecules in the hydration process than the
Na™. This could indicate that larger cations may increase the
degree of condensation during the formation of aluminosili-
cate structures [48]. Furthermore, the potassium solution is
capable of dissolving more Al content compared to the sodium
solution [49]. Xu and Deventer [50] studied the geo-
polymerisation of aluminosilicate minerals obtaining higher
compressive strength after geopolymerisation in potassium
than in sodium solutions. This fact could be due to a higher
degree of condensation in the aluminosilicate structures
prepared with potassium than those containing mainly so-
dium [51]. The higher degree of geopolymerization in K-con-
taining geopolymers is corroborated by the degree of reaction.
Geopolymers using potassium silicate G-K-KSil have higher
degrees of reaction of 80.5% than geopolymers using sodium
silicate Na (G-Na-NasSil) of 76.0%. The two activating solutions
(K or Na) have similar pH values, but the alkali concentration
is different. For the K-KSil activating solution the molar SiO,/
K,O0 ratio is 0.7, while the molar SiO,/Na,O ratio is 0.9 for the
Na-NakKSil activating solution. The dissolution in the geo-
polymerisation reaction increases for solutions with low sili-
con concentrations by improving the mass transport speed, so
the percentage of unreacted material is low [52]. Therefore,
the lower Si/K ratio could explain the higher amount of geo-
polymer gel shown by the potassium silicate systems. The
compressive strength data indicate that the geopolymers have
adequate values to be used as compressed earth block for
walls and partitions [53]. According to their minimal me-
chanical compressive strength, the blocks are classified as
BTC 1, BTC 3 and BTC 5 with minimum compressive strengths
of 1.3, 3 and 5 MPa, respectively. Therefore, G-W geopolymers
can be classified as BTC 1; G-Na and G-K as BTC 3 and G-Na-
NaSil and G-K-KSil as BTC 5.

The energy efficiency required in the field of construction
has led to the development of insulating materials to improve
the behaviour of new construction systems. The geopolymers
that have the lowest thermal conductivity value, 0.317 W/mK,
are control geopolymers that use only water, G-W
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Fig. 6 — Thermal conductivity of the 70C-300PFA
geopolymers cured 28 days as a function of alternative
activating solution.

geopolymers (Fig. 6), according to the bulk density data.
Although for these geopolymers there is a relationship be-
tween bulk density and thermal conductivity, the same is not
the case for specimens that use alkaline hydroxide or alkaline
hydroxide and alkaline silicate as activating solution. The
highest value of thermal conductivity is presented by geo-
polymers that use activating solutions of KOH and NaOH, with
values of 0.637 and 0.752 W/mK for G-K and G-Na geo-
polymers, respectively (Fig. 6). The thermal conductivity of the
geopolymers that use hydroxide and silicate as activating
solutions are 0.422 and 0.445 W/mK for the G-K-KSil and G-Na-
NaSil geopolymers, respectively. These data indicate that in
addition to the bulk density of the geopolymers, other factors
such as the nature of the gel formed, as well as the unreacted
raw materials influence the thermal conductivity.

However, the geopolymers have a lower thermal conduc-
tivity and therefore a higher insulating capacity to compressed
earth blocks with thermal conductivities of 1.1 W/mK [54].

Fig. 7 shows the XRD patterns of the geopolymers manu-
factured using different activating solutions for a curing time
of 28 days. The diffraction peaks present in the raw materials
(Fig. 3) can be observed. Diffraction peaks of quartz and
calcite, mainly from clay and dolomite and larnite present in
the OPFA, are present. In all the geopolymers, the diffraction
peaks have less intensity that in the raw materials. The clay
particles have been partially dissolved and the geopolymers
obtained have a certain degree of crystallinity. They could still
be detected by XRD after geopolymerization. It is also
observed that no new crystalline phases appear in the geo-
polymerization process. A deviation in the baseline between
25° and 35° 20 can be observed in all specimens, which in-
dicates that during the geopolymerization reaction the geo-
polymeric gel constituted by amorphous aluminosilicates
have been formed [55]. The gel phase is formed by dissolution
from the surfaces of the alumino-silicate. The intensity of this
halo increases in the following order G-W < G-Na < G-K < G-
Na-NasSil < G-K-KSil (Fig. 7b—f). Increasing the intensity of the
halo indicates increased geopolymeric gel formation which

would lead to an increase in compressive strength. Geo-
polymers using potassium hydroxide and especially potas-
sium silicate as activating solution, show a greater deviation
from the baseline, indicating a greater proportion of amor-
phous material present in these specimens. Geopolymers
using sodium as the alkaline medium have less geopolymer
gel formation than the same geopolymers that use potassium.
Na' ions are smaller in size than K*, as above indicated, so
Na™ tend to form pair with smaller silicate oligomers, such as
monomers. Such pairs, in turn, do not easily bind with
another silicate anion. Thus, further formation of large silicate
oligomers are not easy [56]. The larger size of the K™ ion fa-
vours the formation of larger silicate in oligomers which Al
(OH) 4 prefers to bind. Therefore, in solutions using potassium
there are more geopolymer precursors that give rise to a better
setting and a higher compressive strength of geopolymers
than in the case of solutions using sodium [50].

The use of the alkaline silicate solution, mainly potassium,
results in geopolymers with a greater amount of geopolymeric
gel. The addition of alkaline silicate results in stronger for-
mation of ion pairs, leading to a higher proportion of geo-
polymer precursors, more long chain silicate oligomers, as
well as Al-O—Si complexes [57].

Fig. 8 shows the FTIR spectra of all geopolymers, as a
comparison. The FTIR spectra of raw materials, CC and OPFA
have been incorporated. The main bands observed in the FTIR
spectra, associated with the bending and stretching modes of
the main T-O bonds (where T is Si or Al) of the aluminosilicate
structures, are indicated in Table 3. The bands centred be-
tween 950 and 1050 cm ™! are attributed to the asymmetric
stretching of the T-O bonds (T = Si or Al) [58—60]. These vi-
brations take place in the Si and Al tetrahedral which are the
main building blocks of the aluminosilicate structures, and
therefore, represent the fingerprint of the geopolymerization
reaction process. The displacement of the T-O bands in the
geopolymers at higher energies (988-993 cm ™) shows that the
silicates in the precursor clay (983 cm™?) have participated in
the geopolymerisation reaction by forming aluminosilicate
geopolymer gels. The values obtained are quite similar,
although there seems to be a slight shift to higher energies in
the case of the matrix containing only K. G-K geopolymers
have a higher wavenumbers of T-O link stretching than G-Na
geopolymers. The trend is the same when comparing speci-
mens that also use G-Na-NaSil and G-K-KSil. For samples
using alkaline potassium solutions, higher band wave-
numbers may indicate a higher degree of polycondensation
due to the presence of K. These data support the results of the
compressive strength, as well as the higher degree of
condensation of the K™ due to its size and coordination with
the water molecules.

In the FTIR spectra of geopolymers using traditional acti-
vating solutions, another absorption band is observed centred
between 1103 and 1123 cm '. They are assigned to the
asymmetric stretching of bonds between tetrahedral Si—0O—Si,
which in turn depends on the Si/Al ratio [61], therefore, it
would be influenced by changes in the structural framework.
In the geopolymers containing K, higher wavenumbers are
again observed than the matrices containing mainly sodium.
Geopolymers with sufficient K serve to strengthen the bonds
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Fig. 7 — XRD patters of 70C-300PFA geopolymers with various additional activating solutions.
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Fig. 8 — IR spectra of 70C-300PFA geopolymer products with various additional activating solutions.
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Table 3 — FTIR results of raw materials and geopolymer for selected bands (cm™?).

Geopolymers Si—O—Al(Si) (asymmetric Si—0—Si (asymmetric Si—0—Si (symmetric Si—O—Al(Si) (symmetric
stretching vibrations stretching vibrations) stretching vibrations) stretching vibrations)

CcC 983 = = =

OPFA = 1116 = =

G-W 989 = 797 712

G-Na 988 1103 795 711

G-K 990 1123 795 707

G-Na-Nasil 989 1099 792 711

G-K-KSil 992 1120 797 710

between these secondary construction units, a fact that is
represented in the compressive strength results [51].

In all geopolymers, wide absorption bands can be seen
centred at approximately 2976—3188 cm™'. They correspond
to the chemical bonding stress —OH vibration of the free water
molecules or physically absorbed at the surface or into the
pores of the gel. The second band centred between 1636 and
1625 cm ™! is attributed to the bending vibration of the vibra-
tory transition of the H—O — Hbonds [62,63]. Apparently, these
bands show the absorption of closed water in the sample

cavities or water from the surface of the geopolymer structure
[64]. These bands show a small difference in intensity
depending on the alkaline activator used, being slightly more
intense in geopolymers using potassium as the activating
solution compared to those using the same activating solution
but sodium. It can probably be due to a greater dissolution of
the clay, resulting in the formation of more hydrated com-
pounds [65].

The absorption bands in the range 1475—1409 cm %, as well
as, the bands in the range 873—864 cm™?! are related to the

Spectrum 1

Spectrum 2

Spectrum 2

Fig. 9 — Selected SEM images andEDS analysis of (a) G-W geopolymers; (b) G-Na geopolymers; (c) G-K geopolymers; (d) G-Na-

NaSil geopolymers and G-K-KSil geopolymers at 5000X.
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Spectrum 1

Spectrum 2

Spectrum 3

Fig. 9 — (continued).

vibrations of CO; 2° carbonate. The former are due to the
asymmetric stretching vibrations of O—C—O bond, and the
latter to out-of-plane bending vibrations [66], which indicates
atmospheric carbonation, which can lead to the appearance of
efflorescence in the samples. Excess sodium and potassium in
the matrix can react with atmospheric CO, to give rise to
carbonates or sodium or potassium bicarbonates [67]. In the
region between 800 and 700 cm* it can be observed centred
bands due to the symmetric stretching vibrations of Si—0—Si
and Si—O—Al(Si) bonds which again indicate the presence of
amorphous silicates [68].

In general, it can be distinguished FTIR bands due to vi-
brations related to the OH- groups of water centred in the
range 3200—3000 cm ™! and in the range 1636—1625 cm ™,
bands assigned to carbonate vibrations in the range
14091480 cm ', as well as in the range 873—864 cm™?, and
bands related to Si—O(Al) group vibrations in the range
1100—450 cm ™.

C-OPFA geopolymers can be described as systems con-
sisting of binder geopolymeric gel surrounded by non-reactive
particles of the raw materials, mainly clay, indicating a partial
dissolution of the clay by the OPFAs and by the additional
activating solutions for form the geopolymer. In addition, in
all of them, open and closed pores were observed by SEM
(Fig. 9). It can be seen that in the control geopolymers (Fig. 9a)
and in the geopolymers that use NaOH (Fig. 9b) the develop-
ment of geopolymeric gel is more limited. In general, no sig-
nificant differences are observed in the appearance of the
control geopolymer (G-W) and the geopolymer that uses NaOH

(G-Na) that have low reactivity and limited activation. They
present a porous microstructure that consists of a geo-
polymeric gel surrounded by particles of unreacted raw ma-
terials. The use of KOH (G-K geopolymers) changes the
microstructure, observing a homogeneous amorphous geo-
polymeric gel matrix surrounded by unreacted particles
(Fig. 9c). The addition of silicate changes the microstructure to
a greater extent, observing a denser structure due to the
greater amount of amorphous phase or hydrated aluminosil-
icate gel (N-A-S-H or K-A-S-H gel) (Fig. 9 d and e). A greater
degree of development of geopolymers is observed, due to
dissolution of the clay not only by the OPFA, but also by the
alkaline activator. In general, no significant differences in
appearance were observed in G-Na-NaSil and G-K-KSil geo-
polymers regardless of whether sodium or potassium silicate
is used. However, a greater amount of unreacted particles can
be observed in G-Na-NaSil geopolymers. Furthermore, due to
the higher Si/Al ratio of these geopolymers, shrinkage micro-
cracks were visible.

The elemental chemical composition of the aluminosili-
cate gel is mainly based on a majority content of silicon,
aluminium and potassium and/or sodium and small per-
centages of calcium and magnesium. EDS analysis indicates
that the gel composition varies depending on the activator
used.In all samples using a potassium source as an alkaline
activator of calcium aluminosilicate hydrates rich in potas-
sium K(C)A-S-H gel areas. In G-K geopolymers, hexagonal
structures rich in K, Si, Ca and Cl were also observed, as well
as other rich in K. In geopolymers that use sodium-rich
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Fig. 9 — (continued).

sources as a commercial alkaline activator, the gel is also
enriched in this alkaline metal, being observed the formation
of K—N(C)A-S-H gel areas.

4, Conclusions

. From the results obtained, the following conclusions can
be drawn:

- The bulk density of the geopolymers increases as the
density of the activating solution used increases,
improving the presence of alkaline silicates the conden-
sation process of the ionic species.

- The compressive strength of control geopolymers is
1.3 MPa. The use of alkaline hydroxides results in an in-
crease in the compressive strength, increasing it to
3.0—3.9 MPa. Control geopolymers and those using NaOH
have a microstructure with a lower amount of geopolymer

gel. The highest values of compressive strength
(5.3—9.0 MPa) are obtained when an alkaline hydroxide/
alkaline silicate activating solution is used. The geo-
polymers using KOH, and mainly those used in addition to
alkaline hydroxide silicate, have a greater amount of geo-
polymer gel. The geopolymers using potassium as an acti-
vating solution obtain better values of compressive
strength. It is found that the type of alkaline cation affects
the geopolymerisation of the clay. The larger size of the K*
results in a higher degree of condensation compared to Na*™
under the same conditions, as indicated by the XRD and
FTIR results. Geopolymers comply with the regulations to be
used as compressed earth blocks for walls and partitions.

The geopolymers obtained have thermal conductivity

values between 0.317 and 0.752 W/mK. The geopolymers with
the highest insulation capacity are the control geopolymers
using H,0 (G-W specimens).
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Therefore, these data indicate that OPFA can be used as an
alkaline source to activate CC, obtaining geopolymers with
suitable physical and thermal properties but with low me-
chanical properties. The use of activating solutions that use
commercial alkaline silicates leads to a greater dissolution of
the clay, resulting in the formation of a greater proportion of
geopolymeric gel, giving alkali activated materials with better
mechanical properties. In this system the type of alkali to be
used in the synthesis will depend on the final objective in
terms of application, obtaining better mechanical properties
when potassium activating solutions are used.
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Therefore, these data indicate that OPFA can be used as an
alkaline source to activate CC, obtaining geopolymers with
suitable physical and thermal properties but with low me-
chanical properties. The use of activating solutions that use
commercial alkaline silicates leads to a greater dissolution of
the clay, resulting in the formation of a greater proportion of
geopolymeric gel, giving alkali activated materials with better
mechanical properties. In this system the type of alkali to be
used in the synthesis will depend on the final objective in
terms of application, obtaining better mechanical properties
when potassium activating solutions are used.
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