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Abstract: Geopolymers are in many applications a perfect alternative to standard cements, especially
regarding the sustainable development of green building materials. This experimental study therefore
deals with the investigation of different factors, such as the water content and the binder to aggregate
ratio, and their influence on the workability of fresh mortar and its mechanical properties and porosity
on different size scales. Although increasing the water content improved the workability and flow
behaviour of the fresh mortar, at the same time, a reduction in compressive strength in particular
and a lesser reduction in flexural strength could be demonstrated. This finding can be attributed to
an increase in capillary porosity, as demonstrated by capillary water uptake and mercury intrusion
porosimetry measurements. At the same time, the increasing water content led to an improved
deaeration effect (low air void content) and to initial segregation (see the uXCT measurements). An
check for alternative approach to enhance the compressive and flexural strengths of the mortar specimens
updates is optimization of the binder to aggregate ratio from 1 to 0.25. This study paves the way for a
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comprehensive understanding of the underlying chemistry of the geopolymerization reaction and is
crucial for the development of sustainable alternatives to cementitious systems.
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and energy intensive.

In order to ensure a sustainable development of the construction sector, alternatives to
conventional cementitious binders with a low carbon footprint have to be found. In this
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alumosilicate material in the presence of an alkaline solution, such as sodium hydroxide,
sodium silicate, potassium hydroxide or potassium silicate, as an activator (Figure 1).
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Figure 1. Geopolymerization reaction according to Davidovits [5].

As a starting material for the production of the geopolymer metakaolin, slag or alu-
mosiliceous fly ash are commonly used [7,8]. Metakaolin is a dehydroxylated form of the
clay mineral kaolinite and its structure is based on an amorphous (non-crystalline) alumi-
nosilicate network, which can be activated by a base to form a corresponding geopolymer.
Recently, also common clays, as widely occurring and cheap resources, have been investi-
gated as raw materials for geopolymer production [9-13]. Such alternative binders based
on sustainable resources are also being referred to as “Green Concrete” [14]. In addition to
improved sustainability, these mortars/concretes have improved resistance to chemical
agents (acids, sulfates) or high temperatures due to their alumosilicate network [15-17].

Despite the fact that geopolymers have been known for almost 50 years, the geopoly-
merization reaction is not completely understood. It is a very complex reaction that depends
on many experimental factors. Consequently, a targeted mixing design to afford defined
geopolymers with predictable properties, such as workability or tensile and compressive
strengths, is challenging. To overcome this, attempts to rationalize the experimental pa-
rameters for the mixing design of metakaolin-based geopolymers, such as the sodium
silicate to sodium hydroxide ratio and the alkaline solids to metakaolin ratio, were, for
example, reported by Al-Salloum et al. Thereby, it was shown that the workability of the
fresh mortars improved with an increased sodium silicate to NaOH ratio until a certain
limit, while also the compressive strength was found to be increased [18]. In this context,
it was also shown that by using a higher NaOH concentration during the activation, the
polymerization degree within the mortar specimens could be increased [19]. The compres-
sive strength of geopolymers was also reported to be improved through the addition of
waste, such as pent abrasive powder, which was mainly composed of corundum grains [20].
Down this road, also the addition of dyes, such as bromothymol blue, cresol red, phenolph-
thalein, and methyl orange, to the geopolymer mixture has been described with the aim to
provide colored geopolymers, which are suitable for design and restoration applications.
Thereby, it was found that the fresh mortars exhibited a good workability, while there
was no significant change in the microstructural 3D network of the geopolymer mortars
observed [21].

Apart from these factors, the water content of the mixture and the associated solid
to liquid ratio is also crucial, since it not only influences the fresh mortar properties but
also the mechanical properties of the final mortar specimens [12]. Water is not only the
reaction medium in which the dissolution of the raw materials and the ions takes place
but also an integral part of the polymerization reaction itself, since it takes part in the
hydrolysis and polycondensation of Al- and Si-containing oligomers [20]. In addition,
water has a major influence on the workability of the fresh mortar. As the thickness of
the water film on the particles increases, the internal friction is reduced, which results in
increased flowability of the fresh mortar. Beside the positive effect of water in the context
of the geopolymer formation, it has been reported that the addition of water and the
associated reduction in alkalinity of the reaction system [21] can lead to a migration of
ions away from the reaction zone. Also, an excess of water might influence the chemical
equilibrium of the geopolymerization reaction according to the principle of Le Chatelier
and push the equilibrium to the side of the starting materials, which leads to a reduction in
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the polymerization rate [22]. This is complicated by the fact that the water is chemically
bound to a lesser extent in the geopolymerization process compared to common cement
hydration. This leads to the assumption that the porosity in the hardened geopolymer
mortar/concrete is more clearly influenced by the water content. Therefore, the addition of
water is a balancing act for the successful preparation of geopolymers via alkali solutions.

Although the role of water was investigated in some papers [14,20,23-25], no com-
prehensive studies using advanced analytic techniques, such as micro X-ray computer
tomography, were carried out. In this paper, we therefore studied the alkali activation
of metakaolin with the aim of finding a suitable water content and consequently an opti-
mal formulation for the geopolymerization of calcined clay to produce geopolymer-based
mortars with low porosity and high compressive as well as tensile flexural strengths. In
this context, we also examined the binder to aggregate ratio in detail using various ana-
lytic techniques, such as X-ray powder diffraction (XRD), mercury intrusion porosimetry
(MIP), and micro X-ray computer tomography (uXCT). This fundamental understand-
ing of the geopolymer chemistry and the rationalization of the factors that can influ-
ence the geopolymerization reaction is crucial for the sustainable production of green
building materials.

2. Materials and Methods
2.1. Raw Materials

Metakaolin (Metamax®) was purchased from BASF (Ludwigshafen, Germany), while
the aqueous NaOH solution (50 wt.% NaOH) was obtained from Carl Roth GmbH & Co.
KG (Karlsruhe, Germany). A sodium silicate solution (Betol39T®) from Woellner GmbH
(Ludwigshafen, Germany) with a concentration of 34.5 wt.% and a SiO; to Na,O molar
ratio of 3.4 was used. Either quartz powder (MILLISIL W3®, Quarzwerke GmbH, Frechen,
Germany) or CEN standard sand (0.08-2 mm) according to DIN EN 196-1:2016-11 were used
as inert aggregates. The powder X-ray diffractograms of Metamax® and MILLISIL W3® are
shown in the Supplementary Material (Figures S1 and S2).

2.2. Sample Preparation

All experiments were carried out under controlled laboratory conditions at 20 °C and
50% relative humidity. The manufacture and casting of the mortar specimens was carried
out according to a modified DIN EN 196-1:2016-11 procedure [26]. Based on previous
experiments and the successful formation of suitable geopolymer mortars [11], 450 g
metakaolin powder was added to 225 g of an aqueous sodium silicate solution. While
the mixture was stirred, aqueous sodium hydroxide solution (50 wt.%, 450 g) and water
(according to the mixing designs shown in Tables 1 and 2) were added. The corresponding
molar ratios are shown in the Supplementary Material (Table S2). Subsequently, CEN
standard sand was added to the mixture while stirring. For the investigation of the
influence of the binder to aggregate ratio on the workability of the fresh mortar and
the strength of the mortar specimens, quartz powder was added as aggregate instead
of CEN standard sand. The metakaolin/quartz powder ratio was varied from 100/0 to
20/80. The resulting mortars were then cast in standard prisms (40 x 40 x 160 mm?)
for the investigation of the influence of water or prisms of 20 x 20 x 80 mm? for the
investigation of the aggregate addition. The smaller prism size of the latter enabled a timely
analysis of a large number of specimens. All samples were demolded 24 h after casting and
stored wrapped in foil. The storing of the samples took place under controlled conditions
(65% relative humidity and 20 °C) until further tests were carried out.



Minerals 2024, 14, 823

4of 15

Table 1. Mixing design for the geopolymers mortars. W/S refers to the water to solid content of the
fresh lime and the mortars, to which sand was added.

Code Additional Waterin g W/S (Fresh Lime) W/S (Mortar)
GP_Ref 0 0.57 0.20
GP_50 50 0.64 0.22
GP_100 100 0.71 0.25
GP_150 150 0.78 0.27

Table 2. Mixing design for the alkali activation of metakaolin and quartz powder (in g).

Quartz Sodium 50wt.% H,O from Sodium

Code Metakaolin Powder Silicate NaOH Silicate and NaOH
GP_100/0 500 0 500 250 445.0
GP_90/10 450 50 450 225 400.5
GP_80/20 400 100 400 200 356.0
GP_70/30 350 150 350 175 311.5
GP_60/40 240 160 240 120 213.6
GP_50/50 200 200 200 100 178.0
GP_40/60 160 240 160 80 142.4
GP_30/70 120 280 120 60 106.8
GP_20/80 80 320 80 40 71.2

GP_20/80 + 20 g H,O 80 320 80 40 91.2
2.3. Methods

For the powder X-ray diffraction analyses, a D8 Advance Bruker diffractometer with a
Lynxeye Detector (Bruker, Ettlingen, Germany) was used. Experiments were carried out
with Copper K« radiation in a 26 area between 5° and 70° in 0.02° steps with a scanning
time of 0.2 s. The powder X-ray diffractograms of the precursor materials (metakaolin
and quartz powder) and the mortar specimens (GP_Ref and GP_150) are shown in the
Supplementary Material (Figures S1, S2 and S7). The light microscopic determination
of the air void content was carried out on polished mortar samples with an Olympus
5ZX 10 microscope according to DIN EN 480-11:2005-12 [27]. The pore size distributions
of all mortar specimens (GP_Ref, GP_50, GP_100, GP_150) according to incident light
microscopy are shown in the Supplementary Material (Figure S3). A micro X-ray computer
tomograph with a directional X-ray tube FXE 225.99 (<225 kV, focal spot diameter <3 mm,
tungsten target) by YXLON International GmbH (Hamburg, Germany) and a 2D-detector
1621xN (2.048 x 2.048 pixels, Csl, pitch size 200 x 200 pmz) by PerkinElmer (Waltham, MA,
USA) were used to determine the macro pores and the grain distribution in the GP_Ref,
GP_50, GP_100, GP_150 samples (Figure 5 and Figure 6). Measurements were carried out
on drill cores of the diameter d = 6.5 mm and height h = 40 mm, which were extracted
from the mortar specimens. The macro pore distribution analysis of the experimental
data was carried out with software Image] 1.47v (National Institute of Health, Bethesda,
MD, USA) and VG Studio Max 2.0v (Volume Graphics GmbH, Hamburg, Germany) based
on [28]. For the SEM images, a LEO 1530 Gemini Carl Zeiss microscope with a secondary
electron detector was applied to investigate the polished and unpolished fragments within
the GP_Ref, GP_50, GP_100, and GP_150 samples (Figure 7). For the water absorption
measurements, a cube with an edge length of 40 mm of each sample was dried until a
mass constancy was reached (24 h, 105 °C). Afterward, the dried cubes were placed in a
vessel with 400 mL of water and weighed after 4 h and 24 h to confirm a constant mass
of the cubes, which results in a complete saturation of the mortar specimens (GP_Ref,
GP_50, GP_100, GP_150) with water to detect open pores. The results are depicted in
Figure 3, and based on these experiments, the pores filled with water can be calculated
and the water absorption dependent porosities were obtained (Table 4) according to the
following equation:
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e = M=) 9
Pw * V
&y = porosity determined for water
ms = mass of the water saturated specimens
my = mass of dried specimens
pw = density of water
V = sample volume

Nitrogen adsorption measurements of GP_Ref were carried out using a NOVA Touch
LX1 provided by Quantachrome under liquid nitrogen cooling to determine the specific
surface of the pores with a diameter between 0.35 to 400 nm (Supplementary Material,
Figures S4 and S5). For the determination of the pore size distribution of GP_Ref, GP_50,
GP_100, and GP_150 via mercury intrusion porosimetry, a Pascal 440 device from Thermo
Fisher Scientific was used (Figure 4, Supplementary Material, Figure S6). The additional
module 140 (low pressure) could cover the pore radii between 3.6 and 100,000 nm. The
measurement was performed on fragments. The compressive and flexural strengths of all
mortar specimens, in standard prisms (40 x 40 x 160 mm?) for the investigation of the
influence of water or prisms of 20 x 20 x 80 mm? size for the investigation of the aggregate
addition, were determined seven days after their manufacture with a RT 200/10-1s device
of the company Testing Bluhm & Feuerherdt according to DIN EN 196-1:2016-11 [26]. The
applied loading rate for the determination of the compressive strength was 2400 N/s,
whereas a loading rate of 50 N/s was used for the flexural strength. The results are
depicted in Figure 9 and Figure 10 as well as in the Supplementary Material (Table S1).
The workability of the fresh mortars (GP_Ref, GP_50, GP_100, GP_150) was tested via a
flow spread test on a flow table according to DIN EN 1015-3:2007-05 [29] (Table 3). Right
after the mixing process, the fresh mortar was placed in a truncated cone (& 100 mm) on a
Hégermann flow table. After 15 hits, the spread of the fresh mortar was measured in both
directions and the average flow spread was calculated.

Table 3. Flow spread test results of the fresh mortars.

Code Flow Spread inmm  Relative Flow Spread Consistency
GP_Ref 190 2.6 Plastic mortar
GP_50 245 5.0 Soft mortar
GP_100 275 6.6 Soft mortar
GP_150 >300 8.0 Very soft mortar

3. Results and Discussion
3.1. The Role of the Water Content in the Geopolymerization Process
3.1.1. Workability of the Fresh Mortar

In order to evaluate the workability of the fresh mortar, flow spread tests were carried
out after varying the water content of the samples. As shown in Table 3, the flow spread
increased with an enhanced water content of the geopolymer mixture. This corresponds to
an easier to handle mortar, which is beneficial for the subsequent casting process.

3.1.2. Investigation of the Porosity of Mortar Specimens

The porosity of the mortar specimens was investigated in detail using light-based
imaging methods, the examination of the water absorption, low temperature adsorption of
nitrogen, mercury intrusion porosimetry and scanning electron microscopy (Figure 2) [30].
In addition to these analytical techniques, we used micro X-ray computer tomography to
image micro-structures in three dimensions and to determine the porosity of the mortar
specimens [19]. The existence of micropores (pores < 2 nm) within the mortar specimens
was ruled out by N, adsorption measurements, as shown in the Supplementary Material
(Figures 54 and S5).
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Nitrogen adsorption
Radiation 3
Water sorption
Mercury intrusion porosimetry

Scanning electron microscopy

Fluid Incident light microscopy
Micro X-ray computed tomography
Figure 2. Relevant pore sizes and appropriate analytical methods for their determination.

The porosity of the mortar specimens was determined from the water absorption.
During these experiments, the mass difference between dried mortar specimens and mortar
specimens that were submerged in water was determined (Figure 3).

40 -

5. _

30 -

I v 1 v 1 M 1
GP_Ref GP_50 GP_100 GP_150

= Mass lostat 105 °C « Mass increase saturated 4 Porosity|

Figure 3. Determination of the water absorption and the porosity via drying and water uptake; mass
loss at 105 °C to mass constancy (black); mass increase saturated (red); and calculated porosity (blue).

During the drying process, an almost linear mass loss of about 0.9% is witnessed with
increasing water content of the geopolymer mixtures. After the drying process, fine cracks
can be observed within the mortar specimens, which can be attributed to the shrinkage
of the material and the different expansion coefficients of the various components. For
the water uptake, again, an almost linear increase with increasing water content of the
geopolymer mixture can be witnessed. The maximum difference amounts to 7.4% and is
therefore about 10 times higher than the mass loss detected during the drying process.

Based on these experiments, the volume of the pores filled with water can be calculated
and porosities between 24.05% and 35.8% were obtained. As it becomes obvious from
Table 4, the porosity increased with increasing water content of the geopolymer mixture.
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Table 4. Porosity determined via the investigation of the water absorption measurements.

Code Porosity by Water Absorption in %
GP_Ref 24.05+1.2
GP_50 26.5+23
GP_100 337+11
GP_150 371+£18

The meso- and macropores of the mortar specimens were analyzed by mercury intru-
sion porosimetry. The cumulative pore volume, the average pore diameter and the specific
surface area obtained from mercury intrusion porosimetry are depicted in Figure 4. For
these calculations based on the Washburn-equation [31], 3.050 nm was selected as the upper
threshold (Supplementary Material, Figure S6).

Cumulative pore volume - Average pore diameter - Specific surface area

0.2+

0.154 30 30
”g 011 € 201 201
G S

0.05- 104 104

0 0 0
GP_Ref GP_50 GP_100 GP_150 GP_Ref GP_50 GP_100 GP_150 GP_Ref GP_50 GP_100 GP_150

Figure 4. Results of the mercury intrusion porosimetry. Pore volumes are presented in cm?/g of
geopolymer with an error of £0.008 cm3, according to [32].

The cumulative pore volumes (Figure 4) and the resulting porosities (Table 5) show an
almost linear increase with increasing water content. In cases of the average pore diameter,
again, an increase can be witnessed when the water content in the geopolymer mixture
is enhanced. While an enhancement of the average pore diameter with increasing water
content was witnessed, the specific surface area decreased.

Table 5. Porosities of the mortar specimens determined via mercury intrusion porosimetry.

Porosity in % Cumulative Pore Average Pore
Volume in cm3/g Diameter in nm
GP_Ref 24.2 0.128 13.0
GP_50 23.0 0.120 18.2
GP_100 26.8 0.146 22.9
GP_150 31.5 0.184 32.8

To gain structural information regarding the porosity in the size range of macro pores
like air voids (& 0.020-10 mm), micro X-ray computer tomography (uXCT) measurements of
the mortar specimens were carried out. Also, uXCT gives information about the distribution
of the aggregated particles. With the used measurement setup, a resolution of 10 um was
achieved. The results of the uXCT of the drill cores for all mortar specimens are depicted in
Figure 5.
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Figure 5. Pore and grain distribution through the cores of the mortar sample prisms obtained via
uXCT measurements. The length of 0 mm corresponds to the bottom of the mortar sample prisms.

These results show that in the reference geopolymer mortar and in the mortars to
which 50 g and 100 g of water were added, the grain fraction stays constant over the whole
length of the drill core. However, the spatially resolved analysis of the drill core of the
mortar, to which the highest amount of water (150 g) was added, shows a decrease of the
grain fraction starting at a height of 30 mm. This is due to the low viscosity of the fresh
mortar of GP_150, which leads to a gravity-related segregation of the grains and to the
accumulation of the biggest grains within the bottom area of the drill core.

Obviously, not only the grain fraction is influenced by the water content of the mixture
but also the porosity regarding air voids. It becomes clear that mixtures with a lower water
content exhibit a higher amount of air voids than samples with a higher water content
(Figure 6). A higher amount of air voids can be attributed to the high viscosity of the fresh
mortar and the associated worse workability. Similar findings were made in the context
of alkali-activated materials based on Sicilian volcanic precursors (i.e., volcanic ash and
pumice), although here also the particle size of the applied precursors was shown to be a
decisive factor in the porosity of the mortar specimens [33].

The observed porosity trend is inverse to the porosities determined via water absorp-
tion and mercury intrusion porosimetry since these techniques always indicated an increase
in porosity with an enhanced water content. However, in the case of the pXCT measure-
ments, only air voids that consist of 8 voxels were analyzed (@ ~20 um ~ 8000 um?®) and no
smaller pores can be detected, which explains the different trends in comparison with the
other analytical techniques. This finding is also supported by incident light measurements,
where GP_Ref shows the highest number of pores over the whole size range as shown in
the Supplementary Material (Figure S3).

The microstructures and porosities of the mortar specimens were investigated by
scanning electron microscopy (Figure 7). From the images, a heterogeneous distribution of
aggregates within the binder matrix becomes obvious. Also, cracks within the specimens
can be witnessed, which most likely stem from the drying process. Similar microstructures
have been reported for other metakaolin-based geopolymers [18].
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GP Ref GP 50 GP_100 GP_150

>
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Pore volume:

[ > 1.000 mm?
I 1.000 - 0.100 mm?
0.100 - 0.010 mm?

0.010 - 0.001 mm?
1 <0.001 mm?

Geometry:

h =36.76 mm
g= 6.50 mm

Figure 6. 3D representation of the pore size distribution within the drill core. The drill cores are
oriented according to their casting direction, but cut off at about 1.6 mm.

GP_Ref GP_50 GP_100 GP_150

Figure 7. Scanning electron microscopy images of the mortar specimens. From left to right. GP_Ref,
GP_50, GP_100, and GP_150. The resolution increases from the top to the bottom.

The mortar specimens GP_Ref and GP_150 were crushed and investigated by powder
X-ray diffraction. In the resulting diffractogram (Figure 8), the crystalline phases of quartz,
anatase, muscovite and albite can be identified. These phases belong to the aggregate used
in the mortar. The geopolymer binder is amorphous and does not lead to any diffraction
reflexes in the pattern. You can see clearly that the crystalline composition of GP_Ref and
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GP_150 is identical. These results show us that the additional water does not lead to a
change in crystallinity and the effect on porosity is due to other mechanisms.

140003
E [ GP_Ref
120005 Bl GP_150
3 (W] Quartz
[m] Anatase
o000 [a] Muscovite
; [ Albite
>
.!DOO'
ST,
>
e
2
® ™3
5 3
e -
£ o
- J
= 4 A L | J\A‘l A | M. J‘ A J
) TN [ % 7 ¥ T 1 PO ¥ I I Y " L
e L
4 10 2 30 40 50 60 70

2 Theta [°]
Figure 8. Powder X-ray diffraction of the mortar GP_Ref and GP_150.

3.1.3. Mechanical Properties of the Mortar Specimens

The compressive and flexural strengths of the mortar specimens were determined
and it becomes obvious that a higher water content (w/s = 0.27 for mortar) leads to a
reduction in the compressive strength (Figure 9). Consequently, the compressive strength
is found to be inversely proportional to the water content of the geopolymer mixture,
which is similar to observations made for the water-to-solid ratio in other metakaolin-based
geopolymers [18] as well as for the water-to-cement ratio in conventional cementitious
systems [34]. Similar observations were made for the tensile flexural strength of the mortar
specimens. Only the reference mortar showed a slight deviation from this trend, but at the
same time the highest standard deviation.

Compressive strength Flexural strength
60 6
50 5
= 40 4
<
& 30 & 3
= =
20 2
10 1
0 0
GP GP GP GP GP GP GP GP
Ref 50 100 150 Ref 50 100 150

Figure 9. Compressive (6 values per mean value) and flexural (3 values per mean value) strengths
with standard deviation of the mortar specimens.

The strength measurements clearly correlate with the porosities of the mortar specimens
determined via capillary water uptake and mercury intrusion porosimetry measurements.
It becomes obvious that a higher water content within the geopolymer mixture leads to an
enhanced porosity of the mortar specimens, which results in a reduction of the compressive
and flexural strengths. It is noticeable that the compressive strength decreases significantly
more than the flexural strength due to the increasing water content. This behavior is
unexpected. Normally, pores are usually compressed in compression testing and in flexural
strength they have a reduced tensile cross-sectional area and a crack-initiating effect.
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However, a low water content significantly reduces the workability of the fresh mortar,
as the flow spread tests carried out have shown. Also, a low water content leads to a
high amount of air voids, which were observed via micro X-ray computed tomography
(Section 3.1.2 as well as incident light microscopy (see Supporting Information). Therefore,
the macro pores have a lower influence than the smaller pores (<20 um) on the mechanical
performance. In order to produce geopolymers with good mechanical properties, the water
content should be kept as low as possible.

3.2. The Role of the Binder to Aggregate Ratio

Although an increase in water content in a geopolymer mixture leads to a better
workability of the mortar, a clear reduction in the compressive strength and a lesser
reduction in the flexural strength was observed. Therefore, an alternative approach, namely
the variation of the binder to aggregate ratio, was investigated with the aim of enhancing
the workability of the mortar while good strengths of the mortar specimens are maintained.
Whereas in the case of GP_Ref, GP50, GP_100 and GP_150 a fixed amount of CEN sand
(1350 g) was added as aggregate, in this section, a systematic study of the ratio variation
of metakaolin and quartz powder as aggregate was carried out. In this case, quartz was
selected as a non-reactive aggregate in powder form. In order to optimize the formulation
of the geopolymer mortar, various binder to aggregate ratios varying between 1.0 and 0.25
were prepared.

Mechanical Properties of the Mortar Specimens

For the investigation of the effect of the quartz powder inclusion in the geopolymer
mortars, the compressive and flexural strengths of the mortar specimens were determined
depending on the binder to aggregate ratio (Figure 10). It becomes obvious that the
geopolymerization of pure metakaolin without the addition of quartz powder results in
mortar specimens with a compressive strength of 46.6 MPa and no detectible flexural
strength. Very similar strength values were determined for the 90/10, 80/20 and 70/30
binder to aggregate mixtures. However, when the binder to aggregate ratio is reduced
and the quartz powder content is increased, an enhancement of the compressive and
flexural strengths can be witnessed. The maximum compressive strength of 81.4 MPa
was achieved with a 20/80 binder to aggregate ratio. It is known from the development
of ultra-high performance and eco-friendly concretes that the partial replacement of the
reactive component (cement) by quartz powder can increase the packing density, due to the
more finely tuned grain band, and thus the strength [27]. This physical mode of action can
apparently be transferred for the metakaolin-based geopolymer since Li et al. demonstrated
a similar increase in compressive strength (83/17 ratio) with a heat-treated metakaolin-
based geopolymer. When 20 g of additional water is added to the 20/80 mixture, the
compressive and flexural strength decrease. This is in complete accordance with the water
content results shown before (Section 3.1).

These results are astonishing since the increase in aggregate ratio leads to an im-
provement of the compressive and flexural strengths of the mortar specimens within
the investigated binder to aggregate ratio regime. Similar observations were made for
geopolymer concrete made from alkali-activated fly ash, where an enhancement of the
flexural strength of geopolymer concrete was observed with an increase in the total ag-
gregate content [28]. Also, an increase in compressive strength has been observed for
metakaolin-based geopolymers with a maximum at a 73.8% aggregate content. However,
the reported compressive strengths were approximately 20 MPa below the compressive
strength observed for the mortar specimens described in this study [18]. Consequently,
these experimental findings can be considered as model experiments for the geopolymer-
ization of common clays, since common clays can be considered as natural mixtures of
aggregate with metakaolin, with a metakaolin content of below 50%.
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Figure 10. Compressive (six values per mean value) and flexural strengths (three values per mean
value) of the mortar specimens depending on the metakaolin to quartz powder ratio.

The rationalization for this experimental observation is difficult, since the binder to
aggregate interface within geopolymer binders is still poorly understood, especially at a
molecular level. However, only recently, interfacial bonding including Al-O-Si, Na-O
and H-bonding, was investigated using molecular dynamics simulations. The simulations
have shown that the Si/Al ratio is crucial for the interfacial strength due to a higher
degree of interaction and more cross-linking within the geopolymer [35]. In order to
increase the interfacial bonding between aggregates and geopolymer binders, it has been
shown that the presence of soluble silicates, as Betol39T® in the case of this study, in the
initial activating solution is beneficial [36]. However, at this point, it must be mentioned
that the experimental observations are highly dependent on the raw materials used for
the geopolymer production [37,38]. Studies on the binder to aggregate ratio using high
calcium fly ash together with sodium metasilicate as binder and sand as aggregate have,
for example, shown an inverse effect, where a reduction of the strength with increasing
aggregate proportion was observed [39]. Similar observations were made for the alkali
activation of low grade kaolin [40].

4. Conclusions

Geopolymers have gained more and more attention when trying to find sustainable
alternatives to hydraulic binders (e.g., normal cements based on Portland cement clinker),
especially with respect to a desired reduction of greenhouse gas emissions. In this work,
therefore, the influence of different factors, such as the water content and the binder to
aggregate ratio, on the formation of geopolymer mortars were investigated with the aim of
identifying an optimal mixing design. The main intention was hereby to combine a good
workability of the fresh mortar with low porosity and high compressive as well as flexural
strength of the resulting mortar specimens. To achieve this, we cast mortar specimens using
different ratios of metakaolin and water ranging from water to solid contents of the fresh
lime of 0.57 to 0.78. The porosity of these specimens was then evaluated by water absorption
measurements, mercury intrusion porosimetry, micro X-ray computer tomography and
scanning electron microscopy. Subsequently, the mechanical properties, such as the tensile
and compressive strengths, of the mortars were determined. To investigate the impact of
the addition of aggregates, such as quartz powder, the binder to aggregate ratio was varied
from 100:0 to 20:80, referring to the metakaolin to quartz powder ratio.
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The major conclusions derived from the experimental study can be summarized
as follows:

e A higher water content of the geopolymer mixture leads to a better workability, as
indicated by the increase in flow spread of the fresh mortar, from 190 mm for GP-Ref to
over 300 mm for GP_150. This enhanced workability is also indicated by the increase
of relative flow spread from 2.6 for GP_Ref to 8.0 for GP_150. Simultaneously, the
compressive strengths of the mortar specimens decreased, from 54.3 MPa for GP_Ref
to 29.1 MPa for GP_150, due to an increase in capillary porosity. Simultaneously, the
flexural strength declined from 4.4 MPa GP_Ref to 4.0 MPa for GP_150 as the water
content increased. At the same time, the increasing water content led to an improved
deaeration effect and therefore a low air void content, as indicated by micro X-ray
computer tomography:.

e The binder to aggregate ratio is crucial for the compressive and flexural strengths
of the mortar specimens. Through the addition of quartz powder up to a ratio of
20:80 of metakaolin to quartz, an increase in strength can be witnessed. The compres-
sive strength of the geopolymer obtained without any quartz powder amounted to
46.55 MPa, and its strength can be increased to 81.43 MPa in the case of the 20:80 mixture
of metakaolin and quartz. Simultaneously, the flexural strength increased. This finding
gives new information for the optimal design of the geopolymer mixture.

e  The geopolymer formation is a complex process, which requires a detailed knowledge
of the underlying factors that can influence the fresh mortar properties as well as the
mechanical properties of the final geopolymer mortars.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/min14080823/s1. Figure S1: Powder X-ray diffractogram of the
metakaolin Metamax®. Figure S2: Powder X-ray diffractogram of the quartz powder MILLISIL W3®.
Figure S3: Pore size distributions according to incident light microscopy. Figure S4: Nitrogen sorption
isotherm for GP_Ref recorded at 77 K. Figure S5: Pore size distribution according to the BJH method
on the basis of the desorption data. Figure S6: Results of the mercury intrusion porosimetry of the
whole pore diameter area (3.5-100,000 nm). Figure S7: Powder X-ray diffractograms of GP_Ref and
GP_150. Table S1: Overview of the mechanical properties of the mortar specimens. Table S2: Molar
ratios of the mixing design.
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