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Abstract. Geopolymerization is the most suitable method for the valorization of
mineral wastes with high contents of Si and Al oxides. Compared to Ordinary
Portland Cement (OPC) materials, the geopolymers exhibit better compressive
strength and thermal stability, but their flexural strength is also limited by their
brittle matrix. The aim of this study is to evaluate the thermal behavior of ambient-
cured fly ash-based geopolymers reinforced with recycled glass fibers in order to
estimate the possibility of manufacturing precast concrete products. The thermo-
gravimetric analysis (TGA) showed a low weight loss up to 200 °C, followed by a
much lower decrease in the 200 °C–500 °C temperature range. The TA curves fol-
low closely the trend of the Differential Thermodynamic Analysis (DTA) curves,
which confirm a highly endothermic reaction in the 20 °C–200 °C temperature
range due to the removal of free or physically boundwater.Above this temperature,
small peaks corresponding to the dihydroxylation of -FeOOH or transformation
of Ca(OH)2 to CaCO3 can be observed. The thermal behavior of both samples is
similar, confirming that the presence of glass fibers doesn’t influence the thermal
behavior of fly ash-based geopolymers.

Keywords: Recycled glass fibers ·Microstructural analysis · Thermal behavior ·
Eco-friendly · Fly ash · Geopolymer composite

1 Introduction

The demand for construction materials showed a significant increase over the past few
years [1]. This trend may be explained by the high tendency to move from urban to rural
areas, which consequently resulted in a high need for building new houses and infrastruc-
ture. Among the constructionmaterials, ordinary Portland cement (OPC)-based products
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are the most common [2]. Therefore, a significant increase in OPC manufacturing and
use took place. The increased demand for OPC is explained, especially, by its low price.
However, in terms of environmental costs, the effects produced by its manufacturing
cannot be removed or substituted by any means. OPC production is considered to be
responsible for more than 9% of the total CO2 emissions worldwide [3].

To overcome these disadvantages, the principles of sustainable development have
been formulated and supported by the authorities in most countries. According to these
directions, the circular economy concept has been developed [4]. Accordingly, many
technologies were designed to incorporate the secondary products from one stage as
raw materials in further manufacturing stages or to find innovative solutions to valorize
the secondary products of other industries. In the manufacture of OPC, due to the costs
associated with virgin raw material consumption and the high temperatures necessary
for calcination, the researchers found different methods to incorporate other types of
cementitious byproducts or decrease the calcination temperature [5, 6]. Moreover, a
totally different method of obtaining products with properties similar to those based on
OPC was found in the geopolymerization technology [7].

Geopolymers are inorganic materials based on aluminum and silicon oxides [8].
Compared to OPC-based products, these materials showed tailored properties, high
chemical attachment resistance, capacity to incorporate heavy metals, etc. while using
only recycled minerals as raw materials. One of the main secondary products used to
manufacture geopolymers is fly ash [9]. This powder, rich in aluminum and silicon
oxides, is still available in large quantities in most of the countries that use coal as fuel
for thermal power plants. The properties of fly ash depend on its characteristics and the
type of coal that has been burned. The coal ash’s physicochemical properties, particle
size distribution, fineness modulus, particle morphology, and other types of specific
characteristics will influence the dissolution degree and the behavior of the coal ash
during activation [10]. Therefore, its performances as a raw material are varied, which
consequently leads to the need for experimental validation for any application.

The influence of the raw materials characteristics on the properties of the final prod-
uct is usually applicable to most byproducts that can be recycled. Another aspect of these
wastes is their large range of quality parameters (homogeneity cannot be strictly assured,
while different types of contaminants can also be found in some parts of the dumps) [11].
To reduce the influence of these negative aspects and to remove the intrinsic disadvan-
tages of cementitious products, different types of additives or reinforcing elements may
be introduced into the structure. In the case of geopolymers, commonly, the setting time
can be reduced by increasing the activator concentration; the water permeability and
freeze-thaw resistance can be increased by increasing the amount of sodium silicate;
higher compressive strength can be achieved with aggregate addition; and most of the
fibers compatible with OPC-based products can also be incorporated into the geopoly-
mer matrix to improve their flexural strength. The addition of fibers is mainly necessary
to prevent the sudden failure of concrete products. Due to fiber presence, the product’s
failure will be slower with enough visible signs (crack appearance, fiber exposure, debris
etc.) to assure the necessary time for repair before failure [12]. Zuaiter et al. [13] studied
the influence of hybrid glass fiber introduction on the properties of slag-fly ash-based
geopolymers. According to their publication, the addition of glass fibers of different
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lengths can significantly increase the buildability of geopolymers due to fiber interlock-
ing, while their value can be controlled by mixing short with long fibers. Moreover, fiber
addition will result in better performance for all evaluated characteristics: modulus of
elasticity, splitting test, water absorption, abrasion resistance, and compressive strength.

Some publications also address the relationship between the behavior of the rein-
forced structure and the type of fiber. As presented in [14], carbon fibers performed better
than E-glass fibers as reinforcements. Carbon fibers remained intact during three-point
bending, while glass fibers showed weak interlaminar strength. Steinerova et al. [15]
observed that both the amount of fiber and the amount of sand influence the brittleness
and chemical resistance of geopolymer composites. In their study, a 5 wt.% replacement
of the matrix with 4.5 mm-long glass fibers and an addition of 50–70 wt.% sand aggre-
gates resulted in the optimum mechanical and chemical properties. The amount of glass
fiber in the previously described study was significantly high compared to the literature;
most of the studies showed that an addition of over 3 wt.% wouldn’t lead to better per-
formances but rather challenges in filling the form or removing the air bubbles from the
composition. In the case of carbon fiber addition, the maximum amount is even lower;
as Gu et al. [16] observed, when the addition exceeds 0.4 wt.% of the matrix weight, the
carbon fibers tend to agglomerate. However, considering the high manufacturing costs
of carbon fibers, the introduction of this type of reinforcement is justified only when
high electrical conductivity is sought.

Despite the type of reinforcement, the mechanical performance of the developed
composite will be influenced by different factors specific to the interface and compati-
bility between the matrix and the fiber, such as chemical adhesion, friction, and mechan-
ical interlocking. All three parameters can be evaluated through mechanical tests such
as beam anchorage tests, pull-out tests, flexural strength tests, and spliced beam tests
[17]. However, when it comes to the thermal behavior of the developed composites, the
exposure temperature along with the phase composition of the matrix can significantly
influence the performance of the product. Up to now, the previous studies focused on
the fresh, mechanical, or chemical properties of the fiber-reinforced geopolymer com-
posites, but very few studies have examined the thermal behavior of these products, and
none of them used recycled glass fibers as reinforcements. In this study, coal ash-based
geopolymers reinforced with two types of recycled glass fibers have been obtained, and
their thermal behavior and phase composition have been studied through simultaneous
thermal analysis and X-ray diffraction.

2 Materials and Methods

Any waste that is available or can be ground to powder form and contains suitable
amounts of silicon and aluminum oxides can be used as raw materials to manufacture
geopolymer composites. However, the rationale for choosing the type of waste that will
be recycled through technology strongly depends on the availability of that byproduct
along with the target product for that manufacturing technology. For example, if the
raw material is available in small quantities, only a technology that will produce high-
value products related to the amount of used waste will be suitable, while if the waste
is available in large quantities, the technology can be developed to manufacture any
product that can substitute those based on OPC.
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2.1 Materials

In this study, two types of coal ashes (fly ash and flue gas desulfurization fly ash -
noted as lime fly ash) have been used as an aluminosilicate component in order to
obtain a geopolymeric matrix suitable for the incorporation of recycled glass fibers.
Both coal ashes are byproducts available in high amounts and deposited in land fields by
a local thermal power plant (S.C. Holboca C.E.T. II S.A., Iasi, Romania). The chemical
composition of both rawmaterials has been analyzed byX-ray fluorescence (XRF) using
an XRF S8 Tiger (Bruker GmbH, Karlsruhe, Germany) in order to establish a suitable
activation method. Also, to assure experiment repeatability, the collected wastes have
been dried until a constant weight (as described in [18]) and sifted (according to SR EN
933–1:2012) to remove any impurities larger than 100 μm in diameter.

To reinforce the geopolymeric matrix, two types of glass fibers were collected from
the waste resulting from the manufacture of different types of products that consist of
glass fibers impregnated with resins. The waste was collected from the dump site of a
local factory (Prod Company Romania, which manufactures products from polystyrene
reinforced with glass fiber). Moreover, to further improve the mechanical properties of
the developed composites, a mixture of fine and coarse aggregates [19] was introduced
into the mixture.

As activators, commercially available sodiumsilicate solution (S.C.KYNITAS.R.L.,
Valcea, Romania) and sodium hydroxide flakes from the same supplier were chosen.
Prior to mixing with the Na2SiO3 solution, the NaOH flakes were dissolving in tap
water at the desired concentration.

2.2 Sample Design and Preparation

To find the optimum composition from compressive strength point of view, the Taguchi
method was used, while the influence factors and their values were selected based on
preliminary studies [7, 20]. In accordance with Taguchi’s L9 orthogonal matrix method
(36), 9 different mixtures were designed to establish the influence of the following
involved factors (Table 1).

Table 1. The composition of the solid component.

Raw material, wt.%

FA FS A

Mixture code C1 67.5 7.5 25

C2 45 5 50

C3 22.5 2.5 75

The description of the designed samples is as follows: (a) three combinations between
the both types of coal ash (fly ash - FA, lime fly ash - FS) and aggregates (A) consisting
of C1 = 67.5% FA + 7.5% FS + 25% A, C2 = 45% FA + 5% FS + 50% A and C3 =
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22.5% FA + 2.5% FS + 75% A (Table 2), (b) three different Na/Al ratios (0.50, 0.625
and 0.75), (c) three different liquid/solid ratios (0.70, 0.75 and 0.80). The design of the
three-factor, three-level experiments are shown in Table 3.

Table 2. Experimental factors and levels.

Experimental factor Level 1 Level 2 Level 3

A. Mixture code C1 C2 C3

B. Na/Al ratio 0.5 0.625 0.75

C. Liquid/solid ratio 0.7 0.75 0.8

Table 3. The composition of the geopolymers without reinforcing fibers.

Sample code

S1 S2 S3 S4 S5 S6 S7 S8 S9

Experimental
factor

A C1 C1 C1 C2 C2 C2 C3 C3 C3

B 0.50 0.625 0.75 0.50 0.625 0.75 0.50 0.625 0.75

C 0.70 0.75 0.80 0.75 0.80 0.71 0.80 0.70 0.75

Compressive strength,
MPa

5.71 5.92 7.25 3.81 4.31 10.58 4.95 6.52 7.25

Further, the geopolymer that exhibited the highest compressive strength was opti-
mized by introducing two types of recycled glass fibers into its composition. According
to the compressive strength results, the mixture specific to sample code S6 exhibits
the highest mechanical properties. Therefore, its composition was further chosen as the
matrix for the glass fiber-reinforced composites.

The glass fibers were prepared at two different lengths (25 and 60 mm, respectively)
and incorporated in three different amounts (1, 2, or 3 wt.%) related to the amount of
coal ash in the composition of each sample. The composition of the studied samples is
presented in Table 4, while the process flow diagram for obtaining these fiber-reinforced
geopolymers is shown in Fig. 1.

According to the three-point bending strength test, the addition of glass fibers signif-
icantly increases the flexural strength of the geopolymers without affecting their com-
pressive strength. Moreover, of all six mixtures, the composite with a 2 wt.% addition
of long fibers (S6-Fl2) exhibited the optimum mechanical performances.

2.3 Methods

The phase transition of both types of coal ashes during alkali activation has been studied
through X-ray diffraction (XRD). Furthermore, the structure stability and the chemical
reactions that took place during heating the obtained materials have been evaluated
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Table 4. The composition of fiber reinforced geopolymer composite.

Solid component Liquid component Flexural
strength,
MPa

FA,
wt.%

FS,
wt.%

A,
wt.%

Fiber,
wt.%

Na2SiO3,
wt.%

NaOH
10.8M,
wt.%

Sample
code

S6-NoF 45 5 50 0 84.60 15.40 0.017

S6-Fs1 1 0.049

S6-Fs2 2 0.026

S6-Fs3 3 0.017

S6-Fl1 1 0.062

S6-Fl2 2 0.063

S6-Fl3 3 0.050

Fig. 1. Process flow diagram of obtaining geopolymer composites reinforced with different types
of recycled glass fibers.
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by simultaneous thermal analysis (STA), which combines thermogravimetric analysis
(TGA) with differential thermal analysis (DTA).

X-ray Diffraction. XRD analysis was carried out on both the raw materials and the
obtainedgeopolymers.A true representative sample of each typeof coal ash has been ana-
lyzed,while for the evaluation of the geopolymers, some chips resulting frommechanical
tests have been ground up to powder form. The diffraction patterns were collected using
X’Pert Pro MPD equipment (Malvern Panalytical Ltd., Eindhoven, Netherlands) with
a CuK source at 45 kV/40 mA. The radiation was recorded between 5° and 60° 2θ at a
step of 0.013°.

Simultaneous Thermal Analysis. The phase transition and weight evolution in the
range of 25–500 °Cwere analyzed in a static air atmosphere at a heating rate of 10 °C/min.
Both the thermogravimetric analysis (TGA) and the differential thermal analysis (DTA)
were performed at the same time by means of STA PT-1600 equipment (Linseis, Selb,
Germany).

3 Results and Discussions

3.1 Microstructural Analysis

The morphology of the fly ash particles influences the dissolution rate as well as the
characteristics of the final product. As presented in literature [21], raw materials with
finer particles will react faster and result in structures with better mechanical properties
than those that contain a high amount of large particles. Higher proportions of spherical
particles will result in better fluidity, a slightly lower reaction degree, and higher com-
pressive strength [22]. This behavior is related to the impossibility of the activator to
dissolute and activate the surface of some large sphere particles that have been created
at high temperatures and have a thicker wall than the others. Therefore, those particles
will remain almost intact in the geopolymer and act as large dimension pores which will
negatively affect the mechanical properties of the developed product. However, different
methods, such as mechanical (grinding) [23], fusion [24] or chemical activation (frontal
polymerization) [25] can be involved to improve the reactivity of the raw materials. In
this study, only dried and sifted coal ash has been used; any supplementary activation
has been avoided in order to keep the manufacturing method simple and as cost-effective
as possible. Also, both initial processing steps (drying and sifting) can be eliminated in
industrial applications by performing a moisture test on raw materials and adjusting the
water content of the activator depending on the amount of water in the coal ash and sand.

The microstructural analysis of the obtained geopolymers and the raw materials was
studied bymeans of scanning electronmicroscopy (SEM) using anSEM typeFEIQuanta
FEG 450 (FEI Company, Washington, DC, USA). The morphological analysis of both
types of coal ashes shows that the collected fly ash has a homogenous composition with
a significantly high amount of spherical particles (Fig. 2). Moreover, the microstructural
analysis at high magnifications shows that most of the spherical particles have diameters
lower than 30 μm, while the larger particles are porous and irregularly shaped. The lime
fly ash (Fig. 3) is much finer; most particles from its composition are irregularly shaped
and have a diameter lower than 20 μm.
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Fig. 2. Morphology of fly ash at different magnification.

Fig. 3. Morphology of lime fly ash at different magnification.

The oxide chemical composition analyzed byX-ray fluorescence (XRF) using aXRF
S8 Tiger equipment (Bruker, Karlsruhe, Germany) shows a class F fly ash (according
to ASTM C618) with a high content of SiO2 (50.16 wt.%), Al2O3 (27.02 wt.%), FexOy
(8.40 wt.%) and CaO (6.49 wt.%), while the rest of the oxides from its composition
(K2O, MgO, TiO2, Na2O, P2O5, SOx etc.) are available in quantities lower than 2 wt.%.
The lime fly ash, instead, has a significantly high CaO concentration (68.22 wt.%), SOx
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(26.87 wt.%) and SiO2 (4.86 wt.%), while the rest of the elements (Al, Fe, Ti, P etc.)
are lower than 0.01 wt.%.

Considering the morphological analysis as well as the chemical composition of both
types of ashes, it is expected that FS will exhibit a higher reaction degree than FA due to
its fines and high content of Ca [26, 27]. However, considering the fine line that separates
geopolymers of alkali-activated materials [28], the FS content was maintained at low
addition, so the system will have a higher Al/Si ratio than a Ca/Si ratio.

Themicrostructure of the obtained geopolymers is presented inFig. 4.As can be seen,
the geopolymer without reinforcing fibers (Fig. 4 a) shows a homogenous structure with
large voids and pores and some unreacted particles in areas close to the voids; probably,
the particles were captured into the air bubbles and didn’t get into contact with the
activator. The glass fiber-reinforced composite (Fig. 4 b) shows similar morphology.

Fig. 4. Microstructure of the obtained samples: a) the geopolymer without reinforcing fibers
(S6-NoF); b) the fiber reinforced geopolymer composite (S6-Fl2).

The microstructural analysis of the obtained geopolymers was performed on frac-
ture surfaces; therefore, the presence of cracks could also be related to the destruction
mechanism that occurred during the compressive strength test.

3.2 Mineralogical Analysis

The XRD analysis of both rawmaterials confirms the presence of quartz or silicon oxide
as well as multiple complex phases that include the main chemical elements detected
through the chemical composition analysis, Fig. 5. The XRD pattern of the FA sample
also shows the presence of sillimanite, mullite, goethite and anorthite [18, 29]. In the case
of the FS sample, different phases with Ca or S content are detected, such as portlandite
and hannebachite [30], as well as calcite, pyrite, gypsum and sphalerite, which were also
observed in the composition of ashes with high sulphur content [31, 32].
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Fig. 5. XRD patterns of the raw materials and the obtained geopolymers.

After activation, the XRD pattern of both raw materials is significantly changed;
mostly, the phases corresponding to FS have been converted to amorphous phases spe-
cific to geopolymerization, while those from FA have only changed in intensity. The
geopolymerization reaction is also confirmed by the formation of a new semi-crystalline
phase, hydroxysodalite (Na4Al3Si3O12OH),whichwas also observed by [33].Moreover,
it seems that the addition of recycled glass fibers won’t influence the phase transition in
alkali-activated geopolymers.

3.3 Thermal Behavior Analysis

In order to evaluate the possibility of using recycled glass fibers to develop geopoly-
mers that can be used for the manufacture of different types of products suitable for
civil engineering applications, the thermal behavior of the obtained materials has been
evaluated through simultaneous thermal analysis. The DTA analysis (Fig. 6 a) of both
samples show highly similar behavior. Both curves exhibit multiple fluctuations cor-
responding to water evaporation or oxidation reactions. The highest endothermic peak
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is the one around 130 °C (indicated with “A” on the DTA curves), which corresponds
to the evaporation of free and physically bound water [18, 34]. As indicated with “B,”
around 230 °C, water evaporation from zeolitic channels occurs, while the transition of
FeO(OH) to Fe2O3 is detected around 300 °C (“C”). When the temperature increases to
490 °C, Portlandite decomposition to calcium carbonate takes place (“D”).

Fig. 6. TG-DTA analysis of fly ash-based geopolymers with and without glass fiber addition: a)
DTA curves; b) TGA curves.

The TGA curves (Fig. 6 b) showed a low mass loss, especially in the range of water
evaporation. Geopolymers are known for their porous matrix; therefore, the introduction
of compact glass fiber explains the difference between the curves.Moreover, all reactions
that lead to mass fluctuations are associated with water elimination or oxidation of
compounds specific to the phases detected in the matrix, i.e., not in the composition of
glass fibers.
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4 Conclusions

This study evaluates the influence of recycled glass fiber addition on the structure and
thermal behavior of different fly ash-based geopolymers. According to the obtained
results, the following conclusions can be drawn:

• flue gas desulfurization Fly ash can be incorporated into geopolymermixtureswithout
having a negative influence on the mineralogical composition or thermal behavior of
these sustainable products.

• the addition of recycled glass fibers into the matrix of coal ash-based geopolymer
will improve the mechanical properties, even though a slight increase in mass loss
was observed.

• the phase transition during activation won’t be influenced by the presence of glass
fibers. During alkali activation, some of the phases from the raw materials will
be converted to amorphous content, while only one new semi-crystalline phase
(hydroxysodalite) will be created.

• the mass loss will be slightly higher for the reinforced composite due to a higher
content of water in the composition, while the phase transition will remain the same
as for the geopolymer without glass fiber addition.
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