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Abstract
One of the main advantages of geopolymer technology is its capability to accommodate several types of waste
that would otherwise be disposed of in landfills in the production of geopolymer materials. This study investigates
the possibility of substituting proportions of fly ash, normally used for the synthesis of geopolymers, with recycled
glass and red mud waste. Compressive and flexural strength testing, fracture toughness determination, SEM and
FTIR analyses were performed. The results show that the compressive strength decreases as the amount of glass in
the geopolymer increases; on the other hand, the addition of red mud seems to improve the mechanical behavior.
Moreover, on substitution of fly ash with glass and red mud, the geopolymer demonstrates a similar performance in
terms of fracture toughness and flexural strength properties. The results confirm that red mud and waste glass have
the potential to partially replace fly ash in geopolymer synthesis, opening thus the possibility of using geopolymer
technology to reuse such residues in technical materials.
Keywords: Geopolymers, fly ash, red mud, waste glass

I. Introduction
The term “geopolymer” was proposed by Davidovits in
1978 to identify a class of materials with a chemical composition similar to natural zeolite but with semi-amorphous
instead of crystalline microstructure 1. A geopolymer is the
product of inorganic polymerization in which an alkaline
solution, usually sodium hydroxide or potassium hydroxide, reacts with a source of alumina and silica.
The chemical mechanism can be interpreted as the initial dissolution of aluminates and silicate and the subsequent formation of an aluminosilicate gel phase through
the polycondensation between silicate solution and Al and
Si complexes. The final structure is a three-dimensional network of Al 2O 3 and SiO 2 in tetrahedral coordination, linked through shared O atoms. The negative charge
induced by tetrahedral aluminates is balanced by alkali
cations from the activating solution 2, 3.
Geopolymers were developed primarily as an ecofriendly and sustainable alternative to conventional cementbased construction materials 4. It is indeed estimated that
for each tonne of cement, nearly one tonne of CO 2 is
emitted 5, 6, 7. Because of their attractive properties, besides for construction, geopolymers are being considered
*
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for many other applications such as refractory adhesive
for glass, ceramics, fire-resistant materials and high-tech
lightweight structures 8, 9, 10.
The growing interest in geopolymers is mainly attributed to the ecofriendly and low-cost technology resulting
from the low-temperature processing and the possibility
to incorporate in the geopolymer network waste materials that are otherwise disposed of. Moreover, the incorporation of other materials, like fibers as reinforcement,
could improve the flexural strength and fracture toughness of the resulting composite material 11. Fly ash (FA),
a by-product of coal combustion in thermal power plants,
is the most suitable waste material for geopolymerization
because of its convenient alumino-silicate composition,
worldwide availability and pozzolanic property 12. Other types of residues are also continuously investigated to
fabricate geopolymers 13.
In this study, red mud, a waste generated in alumina production, and recycled soda lime glass are investigated as
addition to fly ash to synthesize geopolymers.
Red mud (RM) has high basicity and leaching potential
owing to the large amount of alkali used in the alumina
production process. These characteristics make red mud
a potentially dangerous waste product. Therefore, its safe
and cost-effective disposal is currently a pressing issue 14.
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Soda lime glass cullet (G) from urban waste collection services needs to be washed, treated and ground to
clean it and remove contaminants like plastic and ceramic.
Although this “closed loop recycling” has been implemented in the last years, it has not been possible to reuse
all glass fractions in the glass industry 15. Indeed, the impurities are concentrated in glass particles under 100 lm,
which could generate foaming problems in an industrial
furnace. For this reason, this fraction is currently landfilled. In this investigation, the fly ash used in the production of geopolymers was substituted with 10, 20 and
30 wt% glass waste or red mud to study the possibility of
creating new inorganic polymers incorporating a combination of problematic wastes. Bobirica et al. 16 and Novais
et al. 17 have already evaluated the possibility of incorporating different amounts of spent fluorescent lamp waste
in geopolymer structures. Their studies have determined
a decrease in the mechanical properties with an increasing
amount of glass added. Similarly, the incorporation of different amounts of red mud during geopolymer synthesis
was determined by Kuman et al. 18 and Mucsi et al. 19 to
affect negatively the geopolymers’ performance. The influence of the addition of waste materials on the structural
and mechanical properties of the produced geopolymers
was evaluated.
II. Materials and Methods
(1) Characterization of raw materials
Low-calcium fly ash (Class F according to ASTM C618),
red mud and waste glass were used in this investigation.
Fly ash with a mean particle size of 37 lm was provided
by Steag power mineral GmbH, Dinslaken, Germany. The
waste glass is a soda lime glass with particle size under
60 lm obtained from Sasil S.p.A Biella, Italy, while red
mud with a particle size under 75 lm was collected by
Alteo, Gardanne, France.
The chemical composition of the raw materials was determined by means of X-ray fluorescence analysis (XRF)
with a Spectro Xepos He energy-dispersive X-ray fluorescence spectrometer (Spectro Analytical Instruments
GmbH). For the analyses, fusion tablets were fabricated
by adding 4.830 g Li 2B 4O 7 and 230 mg I 2O 5 as flux to 1 g
of sample powder. An Oxiflux fusion system (CRB Analyse Service GmbH) was used for fusion tablet fabrication.
The results are given in Table 1.
The quantitative phase composition of the raw materials was determined by means of powder X-ray diffraction
(XRD) combined with Rietveld refinement and the G-factor method 20. XRD measurements were performed with a
D8 Advance with DaVinci design diffractometer (Bruker
AXS). The following measurement parameters were applied: range: 7 ° – 70 ° 2h; step size: 0.01125° 2h, integration time: 0.4 s; radiation: copper Ka; generator settings:
40 mA, 40 kV; divergence slit: 0.3°. Three independent
preparations were measured for fly ash and glass. Red mud
was analysed five times because the quantification of some
phases was less reproducible in this sample.
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Table 1: Chemical composition of raw materials (wt%)
determined with XRF.
Constituent

Fly ash

Red mud

Glass

SiO 2
TiO 2
Al 2O 3
Fe 2O 3
MnO
MgO
CaO
Na 2O
K 2O
P 2O 5
Loss
on ignition

54.36
1.07
24.84
8.28
0.009
2.06
2.56
0.83
3.03
0.38
2.10

5.21
8.05
15.21
52.94
0.05
0.38
2.95
2.40
0.63
0.54
10.77

70.50
0.07
3.20
0.42
2.3
10.00
12.00
1.00
0.40

Rietveld refinement was performed with the software
TOPAS 4.2 (Bruker AXS).
The G-factor method, an external standard method, was
applied to obtain the absolute contents of crystalline phases. Details of the method can be found in reference 20. The
amorphous content of the samples could be determined as
the difference of the sum of all crystalline phases quantities
to 100 wt%. The G-factor, which is a device-specific calibration constant, was obtained by measuring a quartzite
slice (fine-grained rock of almost pure quartz) as an external standard under identical measurement conditions as
for the samples. The quartzite was prior calibrated with
pure crystalline silicon powder, NIST Si Standard 640d.
The mass attenuation coefficients (MACs) of the powder
samples were determined from the chemical composition
obtained with the XRF data and the MACs of the elements
presented in reference 21. Quantitative phase composition
of fly ash, red mud and glass, determined with the G-factor
method are shown in Tables 2, 3 and 4.
Table 2: Quantitative phase composition of fly ash, determined with G-factor method. The structures given in the
references for each phase were used for Rietveld refinement.
Mineral

Formula

Fly Ash [wt%]

Mullite 22

3Al 2O 3⋅2SiO 2

18.5 ± 0.4

Quartz 23

SiO 2

17.2 ± 0.3

Hematite 24

Fe 2O 3

2.08 ± 0.07

Magnetite 25

Fe 3O 4

1.64 ± 0.06

CaSO 4

0.88 ± 0.08

Periclase 27

MgO

0.44 ± 0.02

Lime 28

CaO

0.24 ± 0.02

Anhydrite

26

Amorphous fraction

-

59.0 ± 0.9

The reproducibility of the three independent fly ash measurements was satisfactory. Fly ash is mainly composed of
an amorphous fraction (59.0 ± 0.9 wt%). The main crystalline phases of fly ash are mullite and quartz (Table 2.)
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The mineralogical composition of red mud is rather complex, with goethite and hematite as the main mineral phases (Table 3). The quantification of some minor phases was
not sufficiently reproducible. The reason might be an inhomogeneous distribution of these minerals in the sample.
The amorphous fraction of red mud is rather low. As expected, the glass is characterized by a highly predominant
amorphous phase (96.1 ± 0.6 wt%) (Table 4).
Table 3: Quantitative phase composition of red mud, determined with the G-factor method. The structures given
in the references for each phase were used for Rietveld refinement.
Red Mud
[wt%]

Mineral

Formula

Goethite 29

FeO(OH)

Hematite 24

Fe 2O 3

Cancrinite 30

Na 8(AlSiO 4) 6(CO 3)(H 2O) 2 10.2 ± 0.6

Gibbsite 31

Al(OH) 3

6.6 ± 0.9

Boehmite 32

AlO(OH)

6.5 ± 0.2

Rutile 33

TiO 2

3.9 ± 0.3

Larnite 34

Ca 2SiO 4

3.4 ± 0.2

30.7
± 0.80
24.5 ± 0.4

Carnegieite 35 NaAlSiO 4

2.8 ± 0.5

Muscovite 36

1.1 ± 0.6

K[Al 2(OH) 2/AlSi 3O 10]

Amorphous
fraction

-

7±5

Table 4: Quantitative phase composition of waste glass,
determined with the G-factor method. The structures given in the references for each phase were used for Rietveld
refinement.
Glass
[wt%]

Mineral

Formula

Quartz 23

SiO 2

1.3 ± 0.2

Albite 37

NaAlSi 3O 8

0.9 ± 0.2

Microcline 38

K(AlSi 3O 8)

1.1 ± 0.2

Calcite 39

CaCO 3

Amorphous
fraction

0.30 ± 0.02
-

96.1 ± 0.6

In geopolymerization, the amorphous content plays a
predominant role, since it is usually the most reactive
source. For instance, the high percentage of amorphous
phase in fly ash is one of the reasons why this material is
highly suitable for the production of geopolymers 40, 41.
(2) Sample preparation
Sodium hydroxide solution (8M) was prepared by dissolution of NaOH pellets (Merk 99.5 %) in distilled water, the waterglass solution (PQ Corporation) has modulus (SiO 2/Na 2O ratio) = 2.0, density at 20 °C = 1.4 g/cm 3
and viscosity at 20 °C = 200 mPa.

The final alkaline solution was prepared by mixing
Na 2SiO 3 and NaOH solutions with a ratio of 2.5. This
solution was prepared one day before the use to allow
the exothermically heated solution to cool down to room
temperature 42.
Geopolymer samples were prepared by mixing fly ash,
red mud, glass and alkaline solution with a head stirrer at 85 rpm until a homogeneous slurry was obtained.
After mechanical mixing, a vibrating table was used to
remove entrained air from the slurry before this was cast
in polyethylene molds and sealed from the atmosphere.
The cylindrical mold had a diameter of 14 mm and height
of 31.5 mm. Samples were cured in a laboratory oven at
60 °C for 24 h. After curing, the samples were maintained
at room temperature until they were mechanically tested.
One mixture was produced using only fly ash as reference
material while the other six mixtures were produced by
replacing 10 wt%, 20 wt% and 30 wt% of fly ash with
waste glass in three batches and with red mud in the other
three batches. The details of the mixture proportions used
are shown in Table 5.
Table 5: Summary of mixture proportions, liquid-to-solid
ratio and sodium silicate solution to sodium hydroxide
solution proportion.
Mixture

Fly
Red
Waterglass
Glass
ash
mud Liq./Sol. sln./NaOH
(wt%)
(wt%)
(wt%)
sln.

FA

100

-

-

0.4

2.5

10G

90

10

-

0.4

2.5

20G

80

20

-

0.4

2.5

30G

70

30

-

0.4

2.5

10RM

90

-

10

0.4

2.5

20RM

80

-

20

0.4

2.5

30RM

70

-

30

0.45

2.5

(3) Testing procedure
The compressive strength of cylindrical samples (height
twice the diameter) was measured by using a universal testing machine (Zwick Roell, Ulm, Germany, Series Z050). A
minimum of 10 samples for each batch were tested to evaluate the 28-days strength of the specimens.
In addition, three-point bending strength tests and
chevron notch for fracture toughness determination tests
were carried out using a Zwick/Roell Z50 machine. Ten
specimens, with the geometry 4 × 3 × 20 mm 3 and a minimum span length of 16 mm, were tested for each sample
type. The samples were cut and ground under dry conditions. For flexural strength determination, the specimens
were loaded in three-point bending at a constant crosshead speed of 10 lm/min at room temperature. The flexural strength (r) was calculated using the following equation 43:
3FL
(1)
σ=
2 B W2
where F is the fracture load, L is the span length, B the
width and W the height of the specimen 44.
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Fig. 1: SEM images of raw materials used to prepare geopolymers: (a) fly ash, (b) red mud (c) recycled glass.

To determine the fracture toughness the chevron notch
technique was used according to the methodology described in refs. 45, 46. The fracture toughness (K IC) was calculated with the following equation:
Y* FM
(2)
KIC = min 1/2
BW
where Y * min is a minimum of the geometrical compliance
function, F M is the maximum load, which was obtained
from load deflection traces as the maximum flexural load.
The tests were carried out at room temperature; the crosshead speed applied was 0.5 mm/min.
A qualitative microstructural evaluation of the raw materials and final geopolymer samples was performed by
means of scanning electron microscopy (LEO 435 VP,
LEO Electron Microscopy Ltd., Cambridge, UK and Ultra Plus, Zeiss, Jena, Germany) in order to evaluate the homogeneity of the glass and red mud incorporated in the
geopolymer matrix. Pieces of samples after compression
strength test were used to analyze the microstructure.
Fourier transform infrared (FTIR) spectra were recorded
using a Nicolet 6700 device in the range between 4000 cm -1
and 400 cm -1. The specimens for FTIR were prepared using the KBr pellet technique.

results presented in Fig. 2 show the same trend in strength
development after the addition of red mud or recycled
glass. The addition of both raw materials caused the compressive strength to decrease, as the amount of recycled
glass and red mud added to the mixture increased. In particular, the mixture containing 20 wt% recycled glass displayed the lowest mechanical strength, with a reduction
of 40 %.

III. Results and Discussion
(1) Micromorphology of raw materials
From SEM images (Fig. 1) it can be observed that the
morphology of fly ash (Fig. 1a) is mainly composed
of (hollow) spherical particles of different dimensions
bonded together. The irregularly shaped particles are
probably derived from unburned particles or agglomerated minerals 47. The red mud particles in Fig. 1b are
flake-shaped with visible agglomerates even after sieving.
The recycled soda lime glass powder consists of a heterogeneous distribution of irregularly shaped, smooth
fragments (Fig. 1c).
(2) Compressive strength
For each mixture, ten samples were tested to evaluate the
compressive strength after 28 days aging and the results are
shown in Fig. 2.
The geopolymers prepared using only fly ash as raw material exhibited the highest compressive strength, with a
value of 75 ± 14 MPa. Cement with a compressive strength
up to 70 MPa is classified as a high-strength material 48. The

Fig. 2: Compressive strength of fly-ash-based geopolymers with an
addition of 10, 20, and 30 wt% of glass or red mud after 28 days of
aging.

Except for the 10 wt% substitution, where the introduction of recycled glass affects the compressive strength
considerably compared with red mud, for the other percentages the compressive strength values were in the same
range.
Many authors agree that a higher red mud content leads
to overall lower compressive strengths of geopolymer
samples 49. For example Kumar et al. 18, Zhang et al. 50,
Mucsi et al. 19, He et al. 49 demonstrated that with a ratio
of 80 : 20 fly ash to red mud, a maximum value of approx. 25 MPa can be achieved and increasing the red mud
amount over 20 % causes a drastic decrease in the compressive strength of the material. In the present case, Fig. 2
shows that there is no significant difference in compressive strength with the addition of 20 or 30 wt% red mud to
the original mixture, moreover in both cases the mechanical strength values remain close to a satisfactory value of
60 MPa.
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Owing to the high amount of silica in the glass and of alumina in red mud, it is expected that the initial SiO 2/Al 2O 3
molar ratio will increase as the amount of glass rises and
decrease when red mud is added to the geopolymer. Si-OSi bonds are stronger than Si-O-Al and Al-O-Al bonds,
for this reason a geopolymer richer in silica than in aluminum could exhibit a better mechanical performance 16.
SEM images showed, however, that the glass particles were
not completely integrated inside the structure (see Fig. 7),
which could explain the lower mechanical strength of the
glass-containing samples.
Moreover, the addition of glass to the system requires
a higher amount of water, resulting in the formation of
relatively large cracks and higher shrinkage. Different authors have already tested the possibility of incorporating
glass waste in alkaline-activated matrices 51. Introduction
of waste glass into fly-ash-based geopolymers causes a decrease in their mechanical properties as confirmed from
the literature. For example, Bobirica et al. 16 and Novais
et al. 17 determined a decrease of up to 55 % in mechanical strength after introducing 10 and 20 wt% fluorescent
lamp glass waste, with a maximum value of 19 MPa. With
the introduction of soda lime glass, a decrease close to 45%
was observed in this study, but the strength remained at a
satisfactory value of 50 MPa.
Therefore, it can be concluded that the compressive
strength of the fly-ash-based geopolymers with red mud
and waste glass in the range (45 – 60 MPa) was lower than
that of pure fly ash geopolymer (75 MPa), but is still satisfactory in comparison with the results in the literature.
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Fig. 3: Load-deflection curves for the different geopolymers investigated.

(3) Flexural strength
The flexural strength test is one of the most common tests
conducted on hardened concrete, this determines the load
at which structural elements crack. The flexural properties
were measured in a 3-point bending test of beams having
cross-section of 3 × 4 mm 2. In Fig. 3, typical load-deflection curves for the samples with fly ash, fly ash plus waste
glass (10 wt%) and fly ash plus red mud (10 wt%) are plotted. The curves show a linear behavior until brittle fracture
occurs followed by a sudden drop in load when the fracture strength was reached. Different slopes of the linear
part, even though affected by the real cross-section area of
samples, reflect differences in the Young’s modulus of the
materials.
In Fig. 4, average values of the flexural strength are plotted for geopolymers made with pure fly ash and geopolymers containing glass or red mud. The effect of glass addition in comparison to red mud addition on the flexural strength is quite different. While the incorporation
of waste glass has a negative effect in terms of flexural
strength, the addition of red mud provides a slight improvement in flexural strength related to fly-ash-only
geopolymers from 11 ± 2 MPa to 15 ± 2 MPa. Moreover,
a relatively high value of flexural strength is maintained
nearly constant up to a high incorporation of red mud
(30 wt%).

Fig. 4: Average of the flexural strength for all samples investigated.

(4) Fracture Toughness
The fracture toughness quantified with the critical stress
intensity factor (K IC), determined from the chevron notch
tests, indicates the level of the stress concentration at the
crack tip needed for crack initiation from the notch 12. The
K IC was calculated for 10 samples of each batch using
Equation (2). The notch depth, necessary for the calculation, was measured using image analysis software from
optical microscope images. Examples of macrographs of
fracture surfaces are shown in Fig. 5.
The fracture toughness values shown (in Fig. 6) for each
geopolymer sample are the average between the two values
calculated from the two parts of the same sample obtained
after rupture. For most of the samples, the K IC value from
the right and left parts of the specimen was the same, just
for a few samples there was a minimal variation in the
value, probably due to differences in the fracture performance and inaccuracy during the measurements.
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Fig. 5: Notch depth determined in a sample containing 20 wt% glass (left) and 10 wt% red mud (right).

the final uniformity of the matrix 52. On the other hand,
geopolymers incorporating red mud are expected to exhibit an ultimately more homogeneous structure than that
of glass-containing geopolymers, which can explain the
improvement in fracture toughness.
(5) Scanning electron microscopy

Fig. 6: Mean fracture toughness values of the different geopolymers
investigated.

The statistic test carried out using ten samples for each
composition demonstrated a high homogeneity in K IC
values with low variability. This result indicates that the
measurements are highly reproducible. The low scattering
of K IC values might have been caused by some porosity
and the intrinsic microstructural inhomogeneity of samples. The averages of the fracture toughness values for each
batch are summarized in Fig. 6.
The fracture toughness does not change significantly
with substitution of part of the fly ash with soda lime glass
or red mud. From the figure, it is evident that all values are
lying in the range between 0.25 and 0.35 MPa⋅m ½. However, increasing soda lime glass content seems to reduce
K IC to a higher extent, while the introduction of red mud
does not affect the fracture toughness. This result can be
explained considering that an increase of the waste glass
content could result in a microstructure with a higher concentration of defects and cracks. Even if the presence of
non-reacted glass particles could deflect cracks, hindering
their propagation, this effect was insufficient to balance
the negative effect of porosity and cracks already present
in the matrix. Moreover both dissolution and polycondensation, the main steps of geopolymerization, are heterogeneous processes, in which it is difficult to control

Scanning electron microscopy (SEM) was used to evaluate the microstructure of each geopolymer batch. Fig. 7
shows SEM images of geopolymer specimens containing
10, 20 or 30 wt% soda lime glass or red mud at the same
magnification. Geopolymers are mostly composed of fly
ash containing a significant amount of hollow spheres.
When these spheres partially dissolve, they create porosity in the matrix and un-reacted particles can be found in
hollow cavities, as shown in Fig. 7. The porosity probably
results from the spaces left after fly ash dissolution or water evaporation during the curing process.
The micrographs of geopolymers containing recycled
glass show unreacted glass particles and fly ash in the likely
amorphous geopolymer matrix. In particular, increasing
the amount of glass leads to significant formation of relatively large cracks and pores, which are larger than those
after the addition of red mud; particularly at 30 % loading.
It is likely that glass requires more water from the system
compared to fly ash and red mud. As a consequence, the
final geopolymer will incur higher shrinkage with subsequent reduced interface adhesion between the initial raw
phases. The amount of dissolved silica and alumina, as
mentioned before, correlates with the amorphous fraction
in the raw materials. It is indeed not expected that all glass
particles inside the geopolymer would dissolve taking part
in the geopolymerization process. This is confirmed by
the glass particles visible in the microstructure. Moreover,
with an increase in the amount of glass, the amount of unreacted silica should increase, in particular if the reaction
product covers the glass particles, making it more difficult
for them to dissolve inside the alkali solution. Particle size
is a key factor in glass solubility 53, as has been extensively documented in the literature. Torres Carrasco et al. 53
and Cyr et al. 54 for example, tested the influence of glass
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Fig. 7: SEM images of geopolymer fracture surfaces after compression strength tests with different substitution level of recycled glass (G) or
red mud (RM).

granulometry in geopolymerization. The results showed
that the lower the particle size range, the higher the compressive strength was. In particular, reducing the fineness
from 75 lm to 15 lm for the average grain size was shown
to lead to an increase in the mechanical strength by up to
five times its original value 54.
In this study, the solubility could also be improved by decreasing the particle size of the glass, however, this implies
introducing pretreatment of the raw materials (recycled
glass) before the raw materials are reacted. For economic
and environmental reasons, soda lime glass waste and red
mud should be used directly as received from waste processing facilities.
The SEM images reveal a denser structure of geopolymer specimens incorporating red mud, this is consistent
with the measured compressive strength values (Fig. 2).
Red mud consists of particles that have a good capacity to
assemble together, filling the spaces left by fly ash particles upon their dissolution and leading to a compact final
microstructure. The micrographs shown in Fig. 7 indicate
that increasing the amount of red mud does not affect the
mesostructural homogeneity of the final geopolymer.

this peak is more intense for geopolymers containing red
mud, thanks to the high amount of alumina, as this promotes its formation.

(6) IR Spectroscopy

Fig. 8: FTIR spectra of geopolymer based on fly ash and geopolymers with 10, 20 and 30 % of glass or red mud.

The FTIR spectra in Fig. 8 show the same trend for mixtures containing red mud and recycled glass. Peaks at
453 cm -1 and 455 cm -1 belong to Si-O respectively Si-OSi bending vibration 1.
The small bands between 790 and 800 cm -1 are attributed to the bands present in the fly ash source as quartz
or mullite 16, 55. The main absorption band is located between 900 and 1100 cm -1, which is attributed to the Si-OAl and Si-O-Si asymmetric stretching vibrations. The peak
at 555 cm -1 is assigned to the Si-O-Al bending vibration,

The peak identified at 1430 cm -1 can be related to the
O-C-O stretching vibration of a carbonate phase, which
might be formed from remaining unreacted activator and
CO 2 56. Peaks at 3390 – 3370 cm -1 are related to -OH,
H-O-H bonds stretching vibration, while the peak between 1600 cm -1 and 1650 cm -1 corresponds to the H-OH bending vibration. Since these bands are generated by
water molecules, they are an indicator of the hydration
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of the geopolymer 19, 55. Fig. 8 evidences how the incorporation of glass waste and red mud did not inhibit the
formation of an aluminosilicate gel, but only changed the
intensity of the peaks related to the X-O vibration, where
X is Al or Si.
IV. Conclusions
This study investigated the behavior of geopolymers
based on the combination of fly ash with recycled soda
lime glass or red mud, with a particular focus on the variations in the mechanical behavior. The introduction of
recycled glass causes only a slight decrease in the flexural
strength in comparison to that of the geopolymer prepared
only with fly ash, the decrease in K IC is more pronounced.
Nevertheless, the incorporation of waste glass or red
mud leads, in general, to structurally sound materials with
satisfactory properties for different fields of applications.
Summing up the results from mechanical tests and microstructural analysis, we can conclude that the loss of
compressive strength in glass-modified geopolymers relates to the presence of remaining unreacted glass particles and micro-crack development. On the other hand, the
replacement of fly ash with red mud produces a negligible decrease in mechanical properties. The results of the
bending test indicate no substantial differences originating
from the substitution of fly ash with the other by-products. Moreover, red mud addition seems to have a better
influence on fracture toughness and flexural strength compared to waste glass incorporation. In conclusion, fly ash
in geopolymer technology can be substituted with waste
glass or red mud without drastically modifying the final
properties, which remain within the ranges required in
construction applications. The present approach thus represents a new novel end-use for these waste products.
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